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ABSTRACT
Examining Relations between Executive Functions and Decoding: A Meta-analytic Investigation
by
Teresa M. Ober
Advisor: Bruce D. Homer
Introduction: The Simple View of Reading (SVR) is one of several established models of
reading that present decoding and linguistic comprehension as critical skills in the development
of reading competencies. Previous research has highlighted the connection between reading
comprehension and cognitive skills, including those which fall under the term of executive
functions (EF; for a review, see Follmer, 2018). EF may also be critical in the development of
decoding. According to the dual route model of word recognition (Coltheart, 2006), decoding
involves two separable processes; the phonological route, involving encoding and retrieval of
letter-sound associations (also called phoneme-to-grapheme correspondence rules), and the
lexical route, involving access of established lexical representations via familiar spelling patterns
(also called sight vocabulary). This study uses multivariate meta-analyses to examine
associations between decoding skills (assessed via nonword decoding and word reading tasks)
and EF (i.e., updating/working memory, task-switching, inhibitory control). Method: Data for
this study came from a corpus of previously published and unpublished research reports
examining associations between decoding skills and EF retrieved from a systematic review. The
samples varied in age of participants, languages spoken, and other participant characteristics, but
the majority included children between 5 to 16 years old. Using meta-analysis to provide a
synthesis of the studies, the average correlations between decoding and EF were estimated.
Characteristics of the studies (including task features and participant characteristics) were
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extracted and analyzed as potential moderators. The extent to which certain moderators
accounted for heterogeneity of effect sizes was also considered. Results: The results indicated
significant (small–moderate) correlations between each EF construct and decoding task (rz
ranged from .20 to .37), with age moderating some associations. Implications: EF may help
explain complex interactions between the reader and the text; however, efforts to understand this
association with respect to decoding, considered a foundational skill in reading fluency and
comprehension, is currently not well understood. The results have implications for studying
reading skills in the context of general cognitive skill development.
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CHAPTER ONE
MODELS OF READING
There is reason to believe that executive functions may have a place in a comprehensive
theory of reading development. Understanding how executive functions is associated with
reading acquisition may help to account for individual differences in how readers process text
(Butterfuss & Kendeou, 2018). While recent meta-analyses have focused largely on associations
with reading comprehension (see Follmer, 2018; García & Cain, 2014), to date, no meta-analysis
has examined the associations between executive functions and decoding. This study aimed to
synthesize associations between EF and decoding, a critical and often overlooked aspect of
reading development, by using a series of multivariate meta-analyses examining associations
between decoding skills (assessed via nonword decoding and word reading tasks) and EF (i.e.,
updating/working memory, task-switching, inhibitory control).
Fluent reading ability requires a solid foundation of cognitive skills that must work
together. In order for fluent reading to occur, processes such as letter recognition, letter-sound
association, and word recognition must occur automatically, allowing one to concentrate on the
conscious processing of forming meaning from text. Unlike oral language, which seems to be
recognized and learned by typically-developing children with remarkable ease as early as
infancy, reading skills appear to require developed language, vision, and attentional processes in
children and adults (Dehaene, Pegado, Braga et al., 2010). According to Norton and Wolf
(2012), the reading circuit in the brain makes fluent reading comprehension possible and
requires coordination across multiple neural systems. The reading circuit recruits visual and
attentional processes, such as those related to EF, in order to convert an orthographic
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representation into a representation of oral language, encompassing not only phonology,
morphology, syntax, and semantics, but also pragmatics, to achieve comprehension of text.
Importance of Decoding in Reading
Decoding (also known as “orthographic decoding”) refers to the process of reading
words by first transforming graphemes or large written units (e.g., syllables or morphemes) into
spoken units (e.g., phonemes, syllabic or morphemic units), and then subsequently blending
them to produce a spoken word or nonword (Ehri, 1995, 1998). The term orthographic decoding
is used alongside the term phonological recoding to describe bidirectional use of grapheme to
phoneme conversion rules. Sufficiency of orthographic skills is foundational in reading and
writing development (Ehri, 2014). According to the self-teaching hypothesis (Jorm & Share,
1983; Share, 1995), successful identification of a new word as a result of orthographic decoding
provides opportunities for the reader to acquire word-specific orthographic information that may
help the reader infer letter-sound associations when encountering novel words at a future time
(Share, 1999). As such, one primary function of decoding is to establish novel words in memory
in order to extend the reader’s knowledge of letter-sound associations that can help in decoding
novel words the readers encounters in the future. Fluent reading is achieved when an individual
is able to connect appropriate sounds to letter combinations. When one becomes more proficient
in decoding, then quickly recognizing words with great automaticity is possible such that it does
not detrimentally impede comprehension processes (Veenendaal, Groen, & Verhoeven, 2015). In
languages with opaque orthographies, where correspondence between orthographic units and
phonological units do not share a one-to-one correspondence, mapping is not just between
graphemes and phonemes but also between graphemes and morphemes. For languages with such
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orthographies, children may need multiple exposures in order to successfully decode an irregular
word or morpheme.
As a reading subskill, decoding appears to be closely associated with overall reading
comprehension abilities. A meta-analysis of 110 studies with samples of children aged 15 years
and under found a sizeable average corrected correlation (r = .74, 95% CI [.65 : .83]) between
decoding and reading comprehension (García & Cain, 2014). The strong association suggests
that reading difficulties, such as dyslexia, may stem from underlying difficulties in decoding
skills.
Theories of Reading Skill Development
Research on reading is itself interdisciplinary and encompasses theoretical underpinnings
rooted in psychology, linguistics, and educational sciences. In spite of the vast amount of
research on reading acquisition, as noted by Perfetti and Stafura (2014), there is not a unifying
theory of reading. However, prior research suggests common constructs underlie literacy
development. These constructs include knowledge of phonological structures, knowledge of the
alphabetic principle, fluency in decoding, and comprehension of oral and written language
(Melby‐Lervåg & Lervåg, 2011). Theoretical frameworks of reading development and respective
constructs are described in the sections that follow.
Simple View of Reading
The Simple View of Reading (SVR; Gough & Tunmer, 1986; Hoover & Gough, 1990) is
one such established framework of reading. According to the SVR framework, decoding and
linguistic comprehension are two main components of reading comprehension. Expressed as a
formula, the additive SVR framework holds that Decoding (D) + Linguistic Comprehension
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(LC) = Reading Comprehension (RC). That is, decoding and listening comprehension are both
necessary, and independently not sufficient, for predicting reading comprehension.
According to one elaboration of the SVR framework, linguistic comprehension and
decoding are specified with respect to the level of processing (see Figure 1.1; Whitehurst &
Lonigan, 2001). Decoding occurs as a bottom-up function via an “inside-out” process through
which print units are mapped onto sound units, which are then translated into words. Meanwhile,
the “outside-in” process occurs through a top-down procedure, whereby contextual units of the
narrative are deconstructed into concepts and subsequently into words. Both processes occur
simultaneously and interact with each other to produce fluent reading.

Figure 1.1. Inside-out and outside-in frameworks for emergent reading. Note: Adapted from Whitehurst
and Lonigan (2001).

While a very simple framework for studying reading comprehension, research suggests
that the SVR framework explains variation in the longitudinal development of primary school
children's skills (Torppa, Georgiou, Lerkkanen et al., 2016). Under the SVR framework, deficits

4

RELATION BETWEEN EF AND DECODING META-ANALYSIS
in reading comprehension can be categorized rather simply, and thus, the framework has clinical
appeal. Reading difficulties can occur in achieving word decoding skills only (dyslexia),
listening comprehension skills only (hyperlexia or specific reading comprehension disability) or
both (“garden variety poor readers”).
Linguistic comprehension in SVR. The construct of linguistic comprehension is defined
as the ability to understand spoken language, mainly spoken words as well as sentences and
passage-level language (Gough & Tunmer, 1986). Linguistic comprehension encompasses skills
such as semantic knowledge (e.g., facts, concepts), vocabulary (Tunmer & Chapman, 2012),
knowledge of linguistic structures (e.g., syntax, semantics; Kirby & Savage, 2008), and verbal
reasoning (e.g., inference making), among other constructs (e.g., Kendeou et al., 2009). Some
have even extended linguistic comprehension to encompass skills such as literacy knowledge
(e.g., print concepts, genres; Cutting & Scarborough, 2006)
Decoding in the SVR. As previously mentioned, decoding is regarded as the process of
transforming graphemes or larger written units into spoken units and then blending them to
produce a spoken word or nonword (Ehri, 1995, 1998). It is thought to be strongly associated
with phonological awareness (e.g., syllables, phonemes, etc.), morphological awareness,
knowledge of spelling-sound correspondence (e.g., alphabetic principles), and sight-word
recognition of familiar words (Scarborough, 2001). The SVR framework includes word reading
under the construct of decoding, although additional specifications of the framework have teased
apart differences in reading accuracy and fluency (e.g., Archer, Gleason, & Vachon, 2003; Florit
& Cain, 2011), as well as differences in word reading and nonword reading (Coltheart, 2006).
According to Gough and Tunmer (1986), decoding is not to be equated with the process of
sounding-out words; rather, it describes the ability to effortlessly read words in isolation quickly,
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accurately, and silently. The latter types of models of decoding are presented in more detail in
the next section.
Limitations of the SVR. While the SVR framework is appealing in its simplicity, it is by
no means a perfect model of reading comprehension. In addition to decoding and linguistic
comprehension, other critical components of reading comprehension have been identified, such
as phonological awareness (Adlof, Catts & Lee, 2010; Kendeou, Savage & van den Broek, 2009;
Høien-Tengesdal & Tønnesen, 2011; Kendeou, Smith, & O'Brien, 2013), automaticity of
alphabetic knowledge (e.g., Joshi & Aaron, 2008), word reading (Cain, Oakhill, & Bryant,
2004), semantic memory (Nation & Snowling, 1998; Vellutino, Tunmer, Jaccard, & Chen,
2007), pragmatic inferencing abilities (Cardillo, Garcia, Mammarella, & Cornoldi, 2018;
Norbury & Bishop, 2002), and vocabulary knowledge (e.g., Joshi, 2005; Kendeou, van den
Broek, White, & Lynch, 2009; Ouellette & Beers, 2010; Protopapas, Simos, Sideridis, &
Mouzaki, 2012; Protopapas, Altani, & Georgiou, 2013; Quinn, Wagner, Petscher, & Lopez,
2015). Extensions of the SVR framework have also focused on the inclusion of general cognitive
skills such as fluid intelligence (Alloway & Alloway, 2010), in addition to working memory and
executive functions (Best, Miller, & Naglieri, 2011; Kershaw & Schatschneider, 2012; Lervåg,
Hulme, & Melby‐Lervåg, 2018). In addition, components of reading comprehension have been
defined as independent systems that operate on internal representations of objects and symbols
(Aaron et al., 2008), but additional terms that have been added to the SVR include the interaction
of decoding and linguistic comprehension (D*LC) (see Joshi & Aaron, 2000).
Dual Route Model of Reading
The dual-route theory of reading is based on the premise that there are two pathways that
lead to successful decoding (Coltheart, Curtis, Atrikins, & Haller, 1993; Coltheart, Rastle, Perry,
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Langdom, & Ziegler, 2001). According to the dual route theory, the process of reading print
aloud involves two separate routes (see Figure 1.2).

Figure 1.2. Basic diagram of the dual route theory of reading. Note: Adapted from Coltheart (2006)

The lexical procedure for reading aloud consults the mental lexicon, while the non-lexical
procedure does not. In the former, processing of letters into speech sounds occurs through the
retrieval of knowledge stored in one’s orthographic, phonological, and semantic lexicons (see
Figure 1.3). By contrast, the nonlexical route involves retrieving knowledge of rules of
grapheme-phoneme correspondence. In writing systems with an opaque orthography, fluent
reading may hinge on successful decoding of morphological sublexical units (i.e., morphemes),
as opposed to phonological or whole word reading (Bowers, Kirby, & Deacon, 2010; Carlisle,
2010; Goodwin & Ahn, 2013). In the dual route model, morphemes would be recognized by way
of the lexical route using similar processes involved in word reading. In connecting the dual
route model of reading with the SVR framework, the former may have an obvious appeal in
explaining processes of decoding; however, aspects of language comprehension are also
incorporated, specifically semantic knowledge by way of the lexical route.
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Figure 1.3. Elaborated diagram of the dual route theory of reading (Coltheart, 2006) incorporated into the
SVR framework (Gough & Tunmer, 1986)

Both procedures can support word reading if the word has transparent orthography. The
lexical route is required if words have unusual spelling patterns, and the nonlexical route is
required if reading a nonword (or an unfamiliar word for which the child does not yet have a
lexical representation). The two routes process information in parallel—that is, the nonlexical
route can facilitate word recognition even when the word is known. Similarly, knowledge of
familiar spelling patterns can aid decoding. Therefore, the lexical procedure may explain
processes related to real word reading, while the nonlexical procedure may explain the process
involved in nonword reading.
Alternative Reading Frameworks
Other models of reading comprehension have specified direct and indirect paths from
lower-level component skills such as phonological awareness, phonological recoding, word
identification, spelling, and listening comprehension to reading comprehension. For example, the
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convergent skills model of reading development stresses how individual differences in the
aforementioned lower-level component skills of reading directly and indirectly contribute to
observable differences in reading fluency and comprehension skills (Vellutino et al., 2000). Even
among more skilled readers, evidence suggests that lower-level reading skills involved in word
reading are associated with higher-level comprehension skills.
Automatic information processing in reading. The theory of automatic information
processing in reading (LaBerge & Samuels, 1974; LaBerge & Samuels, 2017) describes the
cognitive transformation of visual information through a series of processing stages that involve
visual, phonological, and episodic memory systems, until such information is finally processed
and comprehended in the semantic system (Samuels, 2006). Reading comprehension ability is
then rooted in accuracy and automaticity that occurs at each stage of processing, with more
efficient processing at each stage resulting in better reading comprehension skills. Attentional
control, a construct closely associated with inhibitory control, is assumed to be necessary for
processing with respect to accuracy, but not necessarily automaticity.
Construction-integration model. Unlike the theory of automatic information processing
which envisions reading comprehension according to a serial processing framework, the
construction-integration model of text comprehension, includes multiple levels of processing
that co-occur during reading comprehension (see Figure 1.4; Kintsch, 1988). The constructionintegration model posits that co-occurring processes produce different types of representational
structures of the text (Rawson & Kintsch, 2005). Such processes are relatively bottom-up,
beginning with decoding and word recognition. Based on the success of these lower-level
processes, a macrostructure of the text is then constructed using higher-order processes that
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integrate existing knowledge with the microstructure. Together, these structures form a textbase
for understanding, which represents the actual meaning contained within the text.

Figure 1.4. Diagram of the construction integration model. Note: Adapted from Wharton and Kintsch
(1991).

Convergent skills model of reading development. According to the convergent skills
model of reading development, literacy subskills, which are associated in unique predictable
ways, interact to produce differences in reading comprehension abilities (Vellutino et al., 2007).
The skills included in this model are: (a) reading comprehension, (b) context-free word
identification, and (c) language comprehension. In addition, phonological recoding, which
encompasses phonological awareness, visual coding, as well as semantic and syntactic
knowledge, is involved in language acquisition and processing when reading text.
Reading systems framework. The reading systems framework has been proposed as a
broad framework that is based on established theories of reading comprehension and can be used
to guide the formation of novel theories and hypotheses of reading difficulties (Perfetti &
Stafura, 2014). The framework claims that reading comprehension is dependent on: (a) a
procedural and semantic knowledge base (e.g., linguistic, orthographic, and general/background
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knowledge), (b) interactive processes of reading (e.g., decoding, word identification, meaning
retrieval, sentence parsing, inferencing, and comprehension monitoring), and (c) a neurocognitive system that integrates pathways between long-term and short-term memory and control
processes. The framework draws heavily on previously developed cognitive theories that posit
the importance of the reader’s situation model (Kintsch & Van Dijk, 1983) and the constructionintegration model (Kintsch, 1988) in text comprehension. Unlike previous models, however, the
reading systems framework is among the few models of reading which position general cognitive
processes, such as EF, as influential of reading abilities.
Compensatory-encoding model. The premise of the compensatory-encoding model
suggests that inefficiency in the automaticity of reading skills may be strategically compensated
with certain behavioral changes (Walczyk, Marsiglia, Bryan, & Naquin, 2001). For example,
either less automated reading skills and a smaller verbal working-memory capacity or both may
be overcome with a reduced reading rate, frequent pauses, or rereading text. Thus, the
compensatory-encoding model also acknowledges that EF skills, such as working memory,
influences reading fluency and comprehension.
Double deficit hypothesis. While the presumed break-down in the reading circuit is not
yet fully understood, and may indeed vary between individuals, some hypotheses have been
proposed for predicting individual differences which contribute to reading difficulties. One such
hypothesis is the double-deficit hypothesis (also known as the dual deficit hypothesis), which
suggests that letter and digit naming speed and phonological awareness are two skills that are
strongly and independently predictive of reading difficulties (Wolf & Bowers, 1999). A recent
fMRI study of typically-developing adults found that distinct brain regions were associated with
tasks often used to measure these two components of fluid reading (Norton et al., 2014). The
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study found dissociation between regions sensitive to phonological awareness (left inferior
frontal and inferior parietal regions) and rapid naming of letters and digits (right cerebellar lobule
VI). Such findings roughly correspond to the dual route model, where phonological awareness is
likely to rely on the non-lexical application of grapheme-phoneme correspondence rules, while
rapid letter and digit naming is likely to rely on mechanisms for the retrieval of lexical
information. Furthermore, some evidence suggests that impairments in these component
processes are additive, leading to more severe deficits in the presence of both (Landerl,
Fussenegger, Moll, & Willburger, 2009; Norton et al., 2014; Willburger, Fussenegger, Moll,
Wood & Landerl, 2008). While these findings are taken in support of the double-deficit
hypothesis, with speed being a critical component of reading ability, further research has
indicated that there may be multiple profiles of reading difficulty associated with differential
letter and digit naming speed abilities, among other skills (Ozernov‐Palchik et al., 2017).
Direct and inferential mediational (DIME) model of reading comprehension. The
direct and inferential mediational (DIME) model of reading comprehension posits that there are
relationships among certain factors of reading, including: background knowledge, inference,
reading comprehension strategies, vocabulary, and word reading. It furthermore predicts that
there are both direct and indirect effects among these factors in predicting reading
comprehension (Cromley & Azevedo, 2011). Longitudinal research on adolescents in grades 7 to
12 (ages 12-18 years) has identified higher-level components, such as inference making,
background knowledge and reading strategies as mediators of the relations between word reading
and vocabulary with reading comprehension (Ahmed, Francis, York, Fletcher, & Barnes et al.,
2016). Such findings suggest that even among typically developing adolescent readers,
differences in lower-order processes, such as word reading, continue to influence comprehension
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of text. Findings from a pilot study, which are described in a subsequent chapter, point towards
similar conclusions about such factors that continue to predict variation in reading abilities
among adolescents.
Associations between Reading and Writing
Reading and writing mutually depend on common knowledge of specific components of
a writing system. These components can be subdivided into graphophonics, text syntax, and text
format (Anderson et al., 2018; Fitzgerald & Shanahan, 2000). Many studies have found that
reading and writing are highly related (Berninger & Abbott, 2010), with evidence showing that
the correlations between comprehension and composition skills range from moderate to high for
both children and adults (Berninger, Abbott, Abbott, Graham, & Richards, 2002).
According to Share and Daniels (2016), an efficient writing system must have two basic
components: decipherability/learnability (by way of phonological transparency) and
unitizability/automatizability (by way of morphemic transparency). Thus, processes involved in
decoding are dependent upon the phonological transparency constraints of the writing system
and are foundational for the learning and development of reading comprehension skills.
Furthermore, evidence from a recent meta-analytic review suggests that effective interventions
designed to improve reading skills may support the transfer of skills to writing (Graham et al.,
2018). Writing is often viewed as a component of literacy skills, along with reading, and indeed
is viewed as having a strong relationship to reading abilities. While it is important to
acknowledge the relation between writing and reading, a comprehension investigation of writing
is presently beyond the scope of the current project.
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Decoding and Neuroanatomical Structures of Reading
Earlier research examining the structural and functional neuroanatomical correlates of
reading processes uncovered the possible role of visual processing deficiencies in processing
orthographic information (Eden et al., 1996). Data from brain imaging research providing
evidence of visual processing deficiencies in individuals with known cases of dyslexia,
indicating that processing of written words may interfere with the formation of orthographic
representations in the fusiform gyrus (Booth & Burman, 2001). Faulty magnocellular pathways
could produce visual field deficits in people with reading disabilities, thus implicating the role of
visual attention. The visual attention among individuals with reading difficulties has been
characterized by less acceleration of visual processing and a much narrower region of visual
processing than in typical readers, as well as a pronounced region of visual inhibition just
outside the focus of attention (Giraldo-Chica, Hegarty, & Schneider, 2015). These findings
indicate that differences in how individuals process visual information during reading may be
partly explained by slower processing of visual information and a narrower region of visual
processing.
Earlier research examining the cortical correlates of the reading circuit has yielded
relevant findings. Pugh and colleagues (2001) describe evidence from brain imaging research
suggesting three distinct pathways of the brain that are associated with types of reading
processes. First, the left dorsal temporo‐parietal circuit, which is structurally close to the
Wernicke's area, and includes the posterior superior temporal gyrus and supramarginal and
angular gyri of the inferior parietal lobule. This dorsal temporo‐parietal circuit is associated with
phonology‐based reading processes (i.e., grapheme–phoneme conversion, phonological
assembly). Second, the left ventral occipito‐temporal circuit including lateral extrastriate,
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fusiform, and inferior temporal regions, contains the visual word form area, which is named as
such because it is linked to memory‐based visual‐orthographic word recognition. Finally, the left
inferior frontal circuit, which is structurally close to the Broca's area, includes inferior frontal
and precentral gyri, and is thought to be necessary for “reading aloud” processes, such as the
speech‐gestural articulatory recoding of print.
A recent meta-analysis of fMRI data from children and adults found notable differences.
Among children, there appeared to be a higher convergence among studies in left superior
temporal and bilateral supplementary motor regions during reading tasks. By contrast, greater
convergence in studies with adults was found in bilateral posterior OT/cerebellar and left dorsal
precentral regions (Martin, Schurz, Kronbichler, & Richlan, 2015). These findings may indicate
that while younger and less skilled readers consciously utilize motor processing centers in the
brain while reading text, more mature and skilled readers are able to accomplish reading more
fluently, implicating visual word form and phonology-based processing areas of the brain.
Chapter Summary
The reading frameworks described above offer some explanations for the components
and processes that occur during reading. The SVR framework (Gough & Tunmer, 1986) serves
as a static model of reading comprehension, where the focus is on the nature of the relations
among the interactive components of reading (e.g., decoding and linguistic comprehension). In
contrast, the dual route model (Coltheart, 2006) offers a view of word reading from either a
process-oriented or connectionist approach, with some explanations of differing views of word
reading offered by previous literature. Though each of the paradigms offers opportunities
important in the identification of individual and developmental differences in learning to read,
and each appears to have sound theoretical, educational, and diagnostic implications (Florit &
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Cain, 2011), process-oriented and connectionist models may offer flexible explanations of
reading skill development within the framework of general cognitive skills. As such, the focus of
the subsequent sections will revisit reading as a non-static process that recruits aspects of general
cognitive skills in constructing a representation of information from text. In the sections that
follow, aspects of cognitive processes that may contribute to differences in reading skills will be
discussed, particularly in relation to the reading sub-skill of decoding.
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CHAPTER TWO
CONTRIBUTIONS OF EXECUTIVE FUNCTIONS TO READING
Certain general cognitive factors, referred to as executive functions, thought to be nonspecific to the development of linguistic knowledge, have been shown to correlate with the
acquisition of literacy skills. In this section, several theoretical frameworks that incorporate
general cognitive factors, as well as their associations to reading, are described.
Components of Executive Functions
Executive functions (EF) are generally regarded as psychological processes that serve to
balance immediate situational, short-term, and long-term future goals by controlling activationinhibition response sequences. They impact physical, cognitive, behavioral, emotional, and
social functioning. According to the “unity and diversity” framework (Miyake et al., 2000), EF
consists of three separable yet related components: mental set shifting (“shifting / task-switching
/ switching”), information updating and monitoring (“updating / processing component of
working memory”), and inhibition of prepotent responses (“inhibition / inhibitory control”).
There is much debate as to the appropriate meaning of the term “executive function” and its
measurement as a construct. Earlier neuropsychological frameworks identified EF in relation to
neural representations, and served some function of navigating verbal rules, somatic states,
emotions, goals, mental models, and biological needs (Barkley, 1996; Eslinger, 1996). Such
earlier models regarded EF as a unitary set of the cognitive constructs related to self-regulation,
flexibility, response inhibition, planning, and organization and sequencing of behavior (Eslinger,
1996). While the “unity and diversity” framework utilizes a slightly narrower definition of
constructs related to EF, its operational definitions of EF constructs and measures allows for
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greater synthesis of research, and thus may serve as a practical guiding framework for research
that aims to summarize findings across many different studies.
Though there has been interest in comprehensively studying EF and reading
comprehension (see Follmer, 2018, for a review), few studies have sought to comprehensively
examine associations between EF and decoding. The sections which follow present research
findings that establish associations between components of EF and reading comprehension.
These previous findings further provide a basis for examining gaps in the literature where a
greater understanding of the association between EF and decoding is warranted to better
understand the complicated set of factors that contribute to differences in reading
comprehension.
Updating/Working Memory and Reading
The working memory system, according to Baddeley (2003), includes a short-term
capacity storage, as well as three distinct components (phonological loop, visual-spatial
sketchpad, and episodic buffer). These components of the working memory system interact
with the central executive network, which controls attention to relevant information, to
complete cognitively demanding tasks. Working memory, particularly the updating component,
is therefore conceptualized as a separate aspect of the memory system from short-term
memory, although the components systems certainly interact.
Some research suggests that the updating component of EF overlaps with the processing
component of working memory (for a meta-analytic review, see Carretti, Borella, Cornoldi, &
De Beni, 2004). As such, information that requires processing is “updated” in working
memory. In any given particular task, such information can come from short-term memory (as
in the case of new information), from long-term memory (as in the case of learned
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information), or from some combination of both. Some limited capacity models of working
memory posit that there are differences in individuals’ working memory capacities and that this
leads to differences in processing speed and accuracy (Just & Carpenter, 1992). By contrast,
interference models of working memory predict that differences in working memory are
observed when competing activations in memory arise, thus demanding focus of attention to
resolve ambiguity between multiple memory activations (Oberauer & Lin, 2017). Some
research suggests that the updating aspect of working memory is closely associated with
working memory capacity (Ecker, Lewandowsky, Oberauer, & Chee, 2010). In the present
investigation, estimates derived from measures of working memory are included when the
measures involved memory processes only as prior research has established the updating
component of working memory as overlapping with other EF skills (Miyake et al., 2000).
In the case of demanding cognitive tasks, such as reading comprehension, there are
significant constraints on the working memory system. However, increased automaticity of
component processes (e.g., phonological awareness, word reading, semantic knowledge,
domain-specific knowledge) reduces demands on working memory. Evidence of the
association between working memory and reading abilities is substantial, with differences in
working memory accounting for individual differences in comprehension (Christopher et al.,
2012; see Peng et al., 2018 for a meta-analytic review). One recent meta-analysis (Follmer,
2018) reported a moderate positive association (r = .38, 95% CI [.34 : .43]) between reading
comprehension and working memory. Another meta-analysis found a significant mean metaanalytic correlation between more general reading skills and working memory (r = .29, 95% CI
[.27 : .31]), with a meta-analytic correlation between decoding skill and working memory also
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significant (r = .28, 95% CI [.25 : .31]) (Peng et al., 2018). These findings suggest a weak-tomoderate association between reading skills and working memory.
For struggling readers in particular, the associations between working memory and
decoding may be more pronounced. Reading comprehension processes (e.g., inference-making
and comprehension-monitoring) appear to compete for limited working memory resources for
information processing and storage (Cain & Oakhill, 2009; Cain, Oakhill, & Bryant, 2004). In
addition to managing the constraints of decoding, as the reading process unfolds, readers must
also integrate often new information from the text with their background knowledge to produce
a cohesive representation of the text.
Working memory appears to contribute to differences in decoding ability, as well as
reading comprehension. Swanson and Ashbaker (2000) explored the contribution of two
working memory systems (the articulatory loop and the central executive) and short-term
memory to decoding, measured by word recognition, and reading comprehension in a series of
experiments. Performance of children with learning disabilities, chronological age-matched,
and reading level-matched children were compared based on measures of articulation rate,
short-term memory, and working memory. Working memory was found to predict both
decoding and reading comprehension performance, independent of the contributions of shortterm memory and articulatory rate. The results provide support for the notion that performance
in decoding and reading comprehension reflect differences in the central executive of the
working memory system, independent of processing differences in the articulatory loop. The
associations between working memory and decoding have been found in non-alphabetic
languages as well, with evidence from studies conducted with Japanese speakers (Osaka,
Nishizaki, Komori, & Osaka, 2002).
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There is some evidence to suggest that working memory is differentially associated
with reading at the word and sentence level. Berninger and Abbott (2010) evaluated the
contribution of working memory, at both the word and sentence levels, to reading. Measures of
working memory and reading were administered to children in grade 2 (N = 122), 4 (N = 222),
and 6 (N = 105). Structural equation modeling was used to evaluate whether working memory
contributed to performance in decoding, measured by real word reading and reading
comprehension measures from the Wechsler Individual Achievement Test, Second Edition
(WIAT–II) assessment battery (Wechsler, 2001), among other factors. Word-level working
memory was measured using the Woodcock Johnson, Revised (WJ-R; Woodcock, Johnson, &
Mather, 1990) numbers reversed task, the Comprehensive Test of Phonological Processing
(CTOPP; Wagner, Torgesen, & Rashotte, 1999) nonword repetition task, in addition to the
Process Assessment of the Learner (PALL-II; Berninger, 2007) letter retrieval and words in the
mind’s eye tasks (Berninger, 2007). Sentence-level working memory was measured with the
PALL-II Sentence Listening and Sentence writing tasks (Berninger, 2007).
While word-level working memory contributed unique variance to decoding skills
among children in all three grade-levels, as well as reading comprehension in grade 2,
sentence-level working memory only contributed unique variance to reading comprehension
among children in grades 4 and 6. Assuming that most children do not develop mature
decoding skills until grade 3 or 4 (Hasbrouck & Tindal, 2006), these findings suggest that the
association between working memory measured at the sentence-level is only significantly
associated with reading comprehension after children have more developed decoding skills. In
contrast, working memory at the word-level appears to be a consistent correlate of reading,
both prior to children’s acquisition of decoding skills, as well as later. While sentence-level
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processing critically involves parsing, which pertains to assigning a syntactic representation to
incoming words as they are recognized, and parsing is heavily dependent on and constrained by
working memory capacity, after accounting for individual differences in decoding, the effect of
working memory on reading comprehension is no longer significant.
Other findings suggest that word reading and reading comprehension are accounted for
by different sets of skills. Oakhill, Cain, and Bryant (2004) studied word reading and
comprehension processes among children aged 7 to 8 years (N = 102), who were then tested
again approximately one year after the initial assessment (N = 92). They found that significant
variance in comprehension skill was accounted for by measures of text integration,
metacognitive monitoring, and working memory. In contrast, these measures did not account
for variance in word reading ability. Instead, differences in word reading were best accounted
for by scores on a phoneme deletion task. These findings suggest that working memory may
have a limited influence on children’s word reading abilities, though its association with
reading comprehension remains stable. These findings may further suggest that the
mechanisms affecting the association between reading comprehension and working memory
may not occur by way of differences in decoding skills. Such findings appear to be
contradictory to a recent study finding evidence of a direct association between working
memory and reading comprehension, and a significant indirect association by way of nonword
decoding (Ober, Brooks, Plass, & Homer, 2019; see chapter 3 for a description of this study).
Distinguishing updating/working memory from other forms of memory. As
memory is often conceptualized as a multidimensional construct, understanding the
components (i.e., short-term memory, long-term memory, and working memory) and their
interrelations are important for recognizing it as a unified construct. This section distinguishes
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working memory from models of short-term memory and long-term memory with respect to
reading.
Short-term memory and reading. Short-term memory provides momentary storage of
incoming information. Unlike working memory, which encompasses an updating component,
no processing is thought to occur in short-term memory; it exists merely as a temporary storage
facility for information. Information that is stored in short-term memory is then either
processed, requiring transfer to working memory, or decays (Baddeley, 2003). Short-term
memory may also be considered an initial coding buffer for incoming information that may or
may not already be in long-term memory. The temporary storage quality of short-term memory
requires that information be consolidated, and the amount of information that can be held in
short-term memory at one time may be limited by both time and space.
Though related, both short-term memory and working memory (previously described)
have been found to independently explain variance in reading abilities (Swanson, Zheng, &
Jerman, 2009). Short-term memory appears to be particularly critical in explaining differences
in children’s abilities to learn new words (Gathercole, 2006; Gathercole, Service, Hitch, Adams,
& Martin, 1999). The brief storage afforded by short-term memory is thought to facilitate
necessary perceptual processing in evoking visual (i.e., iconic memory) or the auditory (i.e.,
echoic memory) representations of a word (Torgesen, 1996). With respect to literacy tasks,
visual representations of words in the external environment are thought to be first encoded into
short-term memory before they are processed in working memory and accessed or stored in
long-term memory (Wagner & Torgesen, 1987). Thus, short-term memory has a role in the
process of word reading.
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Long-term memory and reading. Unlike short-term memory, long-term memory is a
potentially limitless and permanent information storage component of memory. While longterm memory is thought to be theoretically limitless, forgetting naturally occurs due to
conceivable reasons (see Schacter, 1999). The efficiency of accessing information stored in
long-term memory is dependent on encoding, organization, and retrieval procedures and
strategies. Long-term memory can be divided into two basic components: declarative (i.e.,
knowledge of events and facts that can be verbalized or consciously recalled) and procedural
(i.e., automatization of skills) (Squire, 2004). As linguistic information, such as knowledge of a
writing system becomes automatized, such information is thought to be stored in long-term
memory, where it is unlikely to be forgotten and easily retrieved when necessary (Ullman,
2015). In this regard, long-term memory is necessary for storing information about the sight of
familiar words, as well as any semantic information associated with visual representation of
words.
Task-switching and Reading
Task-switching, or the ability to flexibly shift between multiple rule-sets or operations
and mental states (also referred to as shifting; Diamond, 2013) has been found to explain
variance in children’s reading comprehension (Colé, Duncan, & Blayne, 2014; Kieffer,
Vukovic, & Berry, 2013). Consistent with the dual route model of reading (Coltheart, 2006),
research that has examined associations between task-switching and reading ability proposes
that a reader must be able to flexibly shift between processing text with lexical and non-lexical
routes. Prior research indicates that the skill of task-switching may be essential for managing
both orthographic/phonological and semantic retrieval processes while reading (Cartwright et
al., 2017). In a study of fifth grade students both with and without reading difficulties, task-
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switching, as measured by the rapid automatic switching (RAS) task, (Altemeier, Abbott, &
Berninger, 2008) was found to significantly explain variance in reading comprehension
performance. Another study of task-switching, which examined the construct with the
Wisconsin Card Sorting (WCS) task among a sample of typically developing fourth grade
students, similarly found a significant association with reading comprehension, even after
accounting for other variables known to correlate with differences in reading abilities (Kieffer
et al., 2013). One matter complicating this finding is that the WCS task is also thought to
measure working memory and inhibition, to task-switching (Nyhus & Barceló, 2009). Based
only on the global score of the WCS task, it may not be clear which of these three aspects of
EF is more closely associated with reading comprehension.
Even so, a significant correlation between task-switching and reading abilities was
found to be robust across multiple studies, with multiple measures and samples (Yeniad,
Malda, Mesman, van IJzendoorn, & Pieper, 2013). Recent meta-analyses have reported a
significant, albeit weak, association (r = .21, 95% CI [.11 : .31]) between task-switching and
reading achievement in children (Yeniad et al., 2013) and a moderate correlation (r = .39, 95%
CI [.20 : .56]) between task-switching and reading comprehension in participants ranging in
age from 6 years old to adult (Follmer, 2018).
Associations between task-switching and reading abilities appear to be so pronounced,
that tasks have been developed to study the EF skill within the domain of requisite knowledge
for literacy. According to Cartwright (2002, 2007), task-switching ability (i.e., cognitive
flexibility) should directly influence reading comprehension due to the demand for processing
phonological codes of written words simultaneously with the semantic information for
language comprehension. To demonstrate this connection, Cartwright and colleagues (2010)
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developed the graphophonological-semantic flexibility (GSF) task as one such measure, which
has been found to be a stronger correlate of reading comprehension skills than a domaingeneral task-switching paradigm (see Melby- Lervåg & Hulme, 2013). The GSF task requires
participants to simultaneously sort printed words by both initial sound and by word meaning
(Cartwright, 2002; Cartwright, Hodgkiss, & Isaac, 2008). These findings suggest that skills
related to task-switching appear to also be essential in the process of reading comprehension.
Less is known, however, about the unique associations between task-switching and
decoding. There is theoretical precedent to assume a positive and significant association
between performance on task-switching paradigms and word reading (Berninger & Nagy,
2008), particularly when the associations between grapheme-phoneme correspondence rules
are complex as in the case of orthographically opaque languages. According to the dual route
model of reading (Coltheart, 2006), words as well as sublexical units as morphemes, are
processed according to a lexical route, while unfamiliar word forms are processed through a
non-lexical route through which knowledge of grapheme-phoneme correspondence rules are
applied to analyze and sound out the word. When grapheme-phoneme rules are complex, as in
the case of opaque orthographies, readers may need to flexibly shift between the mental
processes employed in analyzing recognizing letter-sound associations, as well as applying
semantic knowledge to apply knowledge of morphemes to read unfamiliar words.
Previous studies have provided evidence for an association between decoding and taskswitching. In particular, Cartwright (2012) found that while word reading, measured with the
Word Identification task from the Woodcock Reading Mastery Tests, Revised (WRMT-R;
Woodcock, 1987), was significantly and moderately associated with task-switching, measured
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with the GSF task, r = .47, p < .01, nonword reading was not significant associated with taskswitching, r = .13, p > .05.
The theorized association between decoding and task-switching has been found to be
equivocal in languages other than English. In one study conducted with a sample of Dutchspeaking children in grades 4 and 5, van der Sluis, de Jong, and van der Leij (2007) observed
that task-switching efficiency was related to accuracy in a timed word reading task; however,
the association was found to be inexplicably negative. A study conducted by Monette, Bigras,
and Guay (2011) with a sample of French-speaking children in kindergarten, which is
considered to be an orthographically opaque language in comparison to Dutch, assessed taskswitching with a variant of the Dimensional Change Card Sort task (DCCS; Zelazo, 2006) and
an adapted version of the Trail-making task (Trails P; Espy & Cwik, 2004). They found that
task-switching failed to predict a composite measure of the children’s reading and writing skills
in Grade 1. In contrast, Colé, Duncan, and Blaye (2014) found that task-switching (i.e.,
cognitive flexibility) was critical in accounting for differences in reading words in isolation, as
well as reading comprehension, when studied among a sample of French-speaking children in
grade 2. These findings suggest the associations between task-switching and word reading are
complex and further research may be needed to chart factors that influence the association.
Inhibitory Control and Reading
Inhibitory control is regarded as the suppression of a prepotent or learned response or
behavior. Though the construct has been described in psychological literature for over the past
100 years, the various definitions and models in which it has been applied may make it appear to
be a rather diffuse psychological construct (Friedman & Miyake, 2004). In much of the literature
on EF and reading ability, theoretical frameworks appear to focus on working memory and task-
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switching processes, creating a need for a theoretical model to explain the significant association
often found between inhibitory control and reading (see Follmer, 2018). Differences in the extent
to which readers can suppress competing orthographic neighbors (i.e., target word’s similarly
spelled words) when trying to read text should correlate with differences in general inhibitory
control skills (Massol, Molinaro, & Carreiras 2015). Written and spoken language contain
ambiguities at phonological, lexical, and syntactic levels that lead to simultaneous activation of
multiple candidates for identification of the orthographic, phonological, and semantic aspects of
a word. Referring back to the dual route model, an inhibitory mechanism could suppress the
conceptual activation of deceptively similar orthographic neighbors when the lexical route is
used (Ricketts, Bishop, & Nation, 2008). When the non-lexical route is used, an inhibitory
control mechanism could serve to suppress conflict when multiple phonological representations
are activated due to weaker associations with a visual orthographic stimulus (Garcia, Tomaino,
& Cornoldi, 2019). As such, efficient selection is likely to be influenced by a cognitive
mechanism which inhibits deceptively similar, but inaccurate, word candidates.
Some research has indeed shown that associations between inhibitory control and reading
abilities exist (Christopher et al., 2012). Kieffer and colleagues (2013) examined the relationship
between inhibitory control and reading comprehension in fourth grade children. The results
indicated that inhibitory control directly predicted unique variance in language comprehension,
word reading, and reading comprehension, even after controlling for the contribution of working
memory. Findings from a meta-analysis provide evidence in support of a significant association
between reading comprehension and inhibitory control (Follmer, 2018). The meta-analysis,
which included studies with participant samples spanning the ages from 6 years to adulthood,
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reported that the association between reading comprehension and inhibitory control was
significant, albeit relatively weak (r = .21, 95% CI [.13 : .30]).
Associations between inhibitory control and decoding are especially difficult to analyze
due to the various operationalizations of inhibitory control (Mischel et al., 2010; Friedman &
Miyake, 2004; Nee, Wager, & Jonides, 2007). A distinction can be made between different types
of inhibitory control mechanisms (see Mischel et al., 2010). Nee and colleages (2007)
demonstrated the presence of predominantly non-overlapping patterns of brain activation across
a number of cognitive control tasks including Stroop, Go/No-Go, and Flanker tasks, which are
all common measures of inhibition. As the researchers pointed out, these findings are supported
by generally low correlations among behavioral measures that allegedly recruit the same
inhibitory control neural systems (Nee et al., 2007). In an effort to identify unique inhibitory
control mechanisms, Nigg (2000) developed a heuristic method to define eight unique kinds of
“inhibition” used in the research literature. Quantitative approaches have also been utilized to
synthesize an understanding of the expansive construct of inhibitory control. Friedman and
Miyake (2004) examined nine different tasks commonly used to measure different aspects of
inhibition to determine an appropriate factor structure for the construct. The different aspects of
inhibition consisted of prepotent response inhibition, resistance to distractor interference, and
resistance to proactive interference. Prepotent response inhibition is regarded as the ability to
deliberately suppress dominant, automatic, or prepotent responses, and is perhaps the most
commonly described form of inhibition, and indeed the prior form described in the present study.
In contrast, resistance to distractor interference is the ability to resolve interference from
information in the external environment that is irrelevant to a task at hand, while resistance to
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proactive interference is the ability to resist memory intrusions from information that was
previously relevant but has since become irrelevant to the task at hand.
The reading span task (Daneman & Carpenter, 1980) was administered as a measure of
working memory. In the reading span task, participants read aloud a set of sentences while trying
to remember the last word of each sentence. At the end of the trial, participants were to recall in
order, if possible, all of the words appearing last in each sentence. The findings indicated that
performance on the reading span recall was significantly related to the latent factor of resistance
to proactive interference, but not response-distractor inhibition. Thus, some inhibitory control
paradigms may be related to other EF tasks that tap into verbal processes, others are not.
Though there is a lack of a cohesive theoretical framework, associations between
inhibitory control and reading abilities have been previously examined. According to
Gernsbacher and Faust (1991), a distinguishing characteristic between skilled and unskilled
readers is the extent to which they have control over suppressing irrelevant information. While
skilled readers exercise suppression relatively automatically, less skilled readers may struggle to
suppress misleading or ambiguous information, and therefore require more conscious control to
select between one of several competing activations that is more task-relevant. In this regard,
inhibitory control abilities may serve the function of suppressing irrelevant information as the
reader actively integrates new information into a representation of text. While this framework
has been shown to explain differences in abilities of adult readers with respect to comprehension
of sentence-level information, less is understood about inhibition with respect to letter- and
word-level information. Some research has pointed towards the evidence of inhibitory control
processes in the case of reading orthographically similar words. Orthographic similarity has been
operationalized as the subset of words that share all but one letter with a target word, with this
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set of words being referred to as the “orthographic neighborhood” of a particular target word
(Coltheart, Davelaar, Jonasson, Besner, 1977; Fiebach, Friederici, Muller, von Cramon, 2002).
Representations of orthographic neighbors of a word are partially activated during the initial
stages of word recognition, before lexical competition and lateral inhibition finally result in the
identification of the correct lexical unit (Grainger & Jacobs, 1996). Applying this phenomenon to
a connectionist view of the dual route model of reading, orthographic similarity should be more
likely to affect processing of words resembling familiar words or morphological units activated
through the lexical route. In such a case of competing activations, information processed through
the non-lexical route should serve the function of clarifying and distinguishing between words
with similar spelling patterns. Thus, individual differences in orthographic neighborhood effects
may be associated with differences in a general inhibitory control skills (Massol et al., 2015).
Some findings from brain imagining research has lent support for the role of inhibitory
control mechanisms in reducing ambiguity in reading words with similar spelling patterns.
Fiebach, Ricker, Friederici, and Jacobs (2007) conducted an fMRI study with a sample of adult
speakers of German between 23 to 28 years old (N = 16; 8 female). The study examined the
neural bases of the effect of orthographic neighborhood size on speeded lexical decisions to
words and nonwords. The findings from this particular study demonstrated interactions in middorsolateral and medial prefrontal cortex, suggesting the involvement of a domain-general, extralexical process for orthographic neighborhood effects on both word reading and nonword
decoding. This result suggests an important role for executive control functions during visual
word recognition of both real and nonwords.
Studies examining behavioral outcomes have yielded some support for an association
between decoding and inhibitory control. Savage, Cornish, Manly, and Hollis (2006) examined
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mechanisms of attentional control and reading ability among a sample of boys aged 6 to 11 years
old (N = 123), both with and without attention difficulties. Word reading accuracy, as measured
by the Neale Analysis of Reading Ability, Second Edition (NARA-II; Neale, 1997), was found to
be significantly and positively associated with a response inhibition measure of inhibitory control
(Same World task from the TEA-Ch; Manly, Robertson, Anderson, & Nimmo-Smith 1999), both
before and after controlling for differences in children’s cognitive abilities using scores on the
Wechsler Abbreviated Scale of Intelligence (WASI; Wechsler, 1999). Not all studies have
produced evidence supporting an association between inhibitory control and decoding. For
example, Christopher and colleagues (2012) examined EF in relation to aspects of reading
among samples of children ages 8–10 and 11–16 years old. They did not find evidence in favor
of an association between inhibitory control and either decoding, as measured by word reading,
or reading comprehension. While these findings generally lend support for an association
between aspects of inhibitory control and word reading, though more evidence with a larger and
more representative sample is necessary to assert these findings.
Attention
Cognitive skills, apart from those EF skills previously mentioned, also appear to
influence reading abilities. There is evidence to suggest that EF, long- and short-term memory,
attentional control, and reading are clearly and critically interrelated (Arrington, Kulesz,
Francis, Fletcher, & Barnes, 2014). Attention is also critical to development and emergence of
EF because of its role in focusing in on salient information in order to guide the sensory
perceptual processing of stimuli (Adams, Nguyen, & Cowan, 2018).
Attention and EF. Several models of attention may also incorporate features of other
cognitive systems, including memory and EF. Such integrated models may be particularly useful
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for understanding reading comprehension processes. For example, the time-based resourcesharing model of working memory. This model assumes that storage and processing each require
attention, which constitutes a general source of limited domain-general resources that need to be
shared (Vergauwe, Hartstra, Barrouillet, & Brass, 2015). When resources are not duly allocated,
additional time is required for processing (Ricker, Nieuwenstein, Bayliss & Barouillet, 2018). In
the interference model of working memory, focused attention is similarly important because
processing requires selective access to elements held in working memory. Selective access is an
attentional mechanism that identifies content required for the upcoming cognitive operation over
other contents in working memory (Oberauer & Lin, 2017). In each of these models, there is a
notion of the efficiency of processing, a concept that appears to be intimately associated with EF.
Evidence from behavioral research suggests that elements associated with attention are
closely tied to other neuropsychological processes. Prior research has found that attention and
working memory, both associated with one another, each are uniquely associated with
differences in reading abilities (Savage et al., 2006). Furthermore, incidence of deficits in
attention control appear to manifest with deficits in working memory and EF processes in
children and adolescents, which are independent of impairments in language or general
intellectual ability (see Martinussen, Hayden, Hogg-Johnson, & Tannock, 2005 for a metaanalytic review).
Attention and Reading. Attention is a fundamental component of an attentional control
network characterized by an individual’s readiness to detect unpredictably occurring pieces of
information over an extended period of time while selectively ignoring less salient information
(Sarter, Givens, & Bruno, 2001). Though sustained and selective attention are not necessarily
defined as the same construct, the two are not necessarily mutually exclusive. Whereas selective
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attention refers to the ability to focus on relevant and ignore irrelevant information, sustained
attention refers to the ability to maintain focus over time (Halperin, 1996). Some models of
attention propose as many as five unique characteristics (i.e., focus, sustain, encode, stabilize,
and shift) associated with different forms of attention (Koziol, Joyce, & Wurglitz, 2014; Mirsky,
1996). With regard to research on attention and reading, much of the research has both the active
and voluntary forms of attention in pursuing students’ motivation to read (Guthrie et al., 2006),
as well as passive or reflexive forms of attention in examining individual differences in attention
as a correlate of reading skill development (Rayner, 2009).
Attention, automaticity, and reading. Attentional control and the automatic processing of
information during reading appear to mutually overlap. According to the theory of automatic
information processing in reading (LaBerge & Samuels, 1974) mentioned previously, attention
becomes less of a determining factor in predicting differences in reading once automatization of
requisite knowledge and skills, and therefore verbal efficiency, is achieved. During a preautomatic stage of reading, the quality of the encoding information, such as the association
between written letters or words and phonemes and concepts, depends on the quality and
quantity of attention.
Alternate perspectives on reading also acknowledge that automatization is essential for
fluent reading comprehension. Stanovich (1990) proposed a shift towards viewing automaticity
as indicative of the quality of information encapsulation (specificity) and lexical representation
(completeness), as opposed to viewing automaticity failure in light of resource or capacity
limitations. Similarly, the lexical quality hypothesis (Perfetti, 2017; Perfetti & Hart, 2002)
predicts that the quality of individual lexical representations can vary in the extent to which they
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are complete and specific. The completeness and specificity of these representations determines
the degree of automaticity with which they may be retrieved and applied.
There is a vast body of research demonstrating significant associations between namingspeed deficits and prevalence of reading difficulties and dyslexia (for a conceptual review, see
Wolf, Bowers, & Biddle, 2000; for a meta-analytic review, see Swanson, Trainin, Necoechea, &
Hammill, 2003). The association between decoding and letter-naming speed appears to be more
robust even than the association between decoding and phonemic awareness (Manis, Doi, &
Bhadha, 2000). Deficits in automaticity of letter-naming, commonly assessed by some variation
of rapid automatized naming (RAN) tasks (Denckla & Rudel, 1976) have been shown to predict
a variety of problems in reading ability. Automaticity deficits in letter-naming appear to not only
affect reading fluency, but comprehension of text as well (Norton & Wolf, 2012).
The question remains as to why letter-naming is such an effective indicator of reading
difficulties. Two non-competing hypotheses for explaining the association between naming
speed and reading are proposed by Wolf, Bowers, and Biddle (2000). The first hypothesis is
centered around the process of orthographic pattern recognition. It suggests that processes
underlying increased time in naming-speed may contribute to reading difficulties by (1)
preventing appropriate connections from forming between phonemes and orthographic patterns;
(2) limiting the quality of orthographic representation in long-term memory; (3) increasing the
amount of practice required before the unit (either sub-lexical or lexical) is formed as a complete
representation. The second hypothesis suggests that if there is some more general disruption in
reading, increases in time needed to complete naming-speed tasks could represent some additive
effects of this processes. According this perspective, a deficit associated with the automatization
of letter recognition becomes almost multiplicative because reduced fluency may subsequently
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impair comprehension. It remains to be determined whether the linkage of reading speed to
orthographic pattern detection is a direct one or mediated by other factors. Some evidence
suggests that speeded measures derived from automatized naming tasks are correlated with
response inhibition tasks, suggesting an association between inhibitory control and rapid naming
(Savage, Pillay, & Melidona, 2007). Differences in attentional control, which appears to affect
the automaticity of letter knowledge retrieval, appears to be potential one potential factor that
may explain variation in associations between EF and reading skill.
Factors Influencing Associations between EF and Decoding
Characteristics of the participants may also influence the strength of the association
between EF and decoding. For example, age correlates with the development of certain literacy
skills according to several frameworks of acquisition (Chall, 1976; Ehri, 1995; Whitehurst &
Lonigan, 2001). Differences in age may also be associated with exposure and familiarization to
text. Another possible explanation for a possible effect of age is that it is confounded with the
researcher’s selection of the task parameters or stimuli.
Individual differences in reading ability may also influence the association between
decoding and EF. Previous research has shown that among children with reading difficulties, EF
appears to explain less variance in reading performance (Altemeier et al., 2008). By contrast,
other findings have indicated that among children with word recognition impairments in
particularly, there is a deficit associated with EF, notably with respect to verbal working memory
and inhibitory control (Locascio et al., 2010). Thus, there is precedent for considering individual
differences in reading ability in accounting for variation in the association between EF and
decoding.
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The linguistic context of the participants may also influence the associations between EF
and decoding. When the associations between grapheme-phoneme correspondence rules are
complex, as in the case of orthographically opaque languages, there may be reason to assume a
positive and significant association between performance on task-switching paradigms and word
reading (Berninger & Nagy, 2008). For example, among a French-speaking sample of children
in grade 2 (i.e., 7 to 8 years of age), one study found that task-switching was significant in
accounting for differences in reading words in isolation (Colé, Duncan, & Blaye, 2014).
However, another study conducted with a French-speaking sample of children found that taskswitching measured at 5 years of age was not associated with grade 1 reading abilities (Monette
et al., 2011).
In addition to participant and linguistic characteristics, task parameters may also account
for differences in the size of the association between EF and decoding. The extent to which
associations between measures of EF and decoding are influenced by the selection of task
stimuli has yet to be determined. A previous meta-analysis examining systematic differences
between typically developing readers and those with reading difficulties found that task modality
(i.e., verbal or non-verbal) was significant in accounting for variation of effect sizes between the
two groups, with notably larger effect sizes for tasks which required a verbal response, g = .45,
SE = .09, compared with those which required a non-verbal response, g = .22, SE = .07 (Booth,
Boyle, & Kelly, 2010). However, previous examinations of the factor structure of EF among
children point towards great unity among certain EF measures based on the parameters of the
task, regardless of whether the task stimuli requires a verbal or non-verbal response (Messer et
al., 2018). Some findings may suggest that the presentation of the stimuli alone, independent of
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response modality, may also facilitate the use of different cognitive processes (Donker,
Kroesbergen, Slot, Van Viersen, & De Bree, 2016).
Chapter Summary
There appears to be a substantial amount of research connecting aspects of EF to reading
skills (Butterfuss & Kendeou, 2018). At present, several recent meta-analyses have confirmed
this association is significant among aspects of EF according to the “unity and diversity”
framework (Follmer, 2018) and working memory (Peng et al., 2018). The present research base
also highlights important gaps in understanding the association between aspects of EF in relation
to the reading skill of decoding, which is thought to be essential in constructing and accessing a
lexicon and semantic system to fluently and accurately read and comprehend text (Coltheart,
2006). Numerous previous studies have found variation in the extent to which aspects of EF
account for differences in word reading (Christopher et al., 2012; Foy & Mann, 2013; Kieffer et
al., 2013). While previous meta-analyses have examined the associations between aspects of EF
and reading, especially with respect to reading comprehension (Follmer, 2018; Peng et al., 2018),
we found no studies to date which attempted to examine whether the type of EF component
measured moderates the association between EF and decoding.
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CHAPTER THREE
MOTIVATION AND AIM OF CURRENT STUDY
Decoding skills are essential for enabling readers to fluently and accurately read both
familiar and unfamiliar words (Coltheart, 2006). A recent meta-analysis has found that
components of EF are closely associated with reading comprehension skills (Follmer, 2018).
Few studies have synthesized the current research literature examining associations between EF
and decoding skills. Given the present volume of literature examining associations between EF
and reading, such an effort to synthesize research on EF and the component reading skill of
decoding is timely. In this chapter, findings from a recent pilot study are briefly summarized, and
the aims of the current research investigation are explained.
Prior Study Findings
In a previous investigation, I found associations between specific components of
executive functions and comprehension and decoding aspects of reading (Ober et al., in press).
The study used a battery of assessments to explore relations between components of EF
(working memory, task-switching, and inhibitory control) and literacy skills (decoding, text
recall/inference, and passage comprehension). First, the extent to which the three components of
EF were uniquely and directly associated with each literacy skill after controlling for other
factors known to be related to reading ability (i.e., fluid intelligence and age) was examined.
Second, the indirect associations between each of the three EF components in relation to passage
comprehension as mediated by both nonword decoding and text recall/inference was then
examined.
Participants in the pilot study were recruited from urban middle schools and high schools
in a major metropolitan region in the northeastern United States. The sample comprised 87
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participants (49 females, 35 males, 3 did not disclose), ranging in age from 12 to 17 years (M =
14.0, SD = 1.5) in grades 6 to 12 who met performance criteria on three EF assessments
(described below). Measures included the operation span task, which was used to measure
working memory, the plus-minus task to measure task-switching, and the numerical Stroop task
to measure inhibitory control. Literacy skills were assessed with a nonword decoding task and
measures of text recall, inference, and passage comprehension. In addition to the computer-based
portion of the study, participants also completed a passage comprehension test based on a
previous New York State 12th grade English Language Arts Regents Exam.
Table 3.1
Multiple regression with nonword decoding as the outcome measure (N = 87)
Variable
β
SE
t
p
Age
.18
.02
†1.68
.098
Fluid Intelligence
.19
.16
†1.81
.074
Recall-Inference
.00
.15
–.03
.974
Working Memory
.08
.11
.73
.468
Task-switching
.27
.03
**2.87
.005
Inhibitory Control
.31
.08
**3.06
.003
†p < .10, **p < .01
Note: Adapted from Ober et al. (2019).

Table 3.2
Multiple regression with text recall/inference as the outcome measure (N = 87)
Variable
β
SE
t
p
Age
.32
.01
**3.22
.002
Fluid Intelligence
.13
.12
1.32
.190
Nonword Decoding
.00
.08
–.03
.974
Working Memory
.21
.08
*2.14
.035
Task-switching
.07
.02
.70
.483
Inhibitory Control
.27
.06
**2.78
.007
*p < .05, **p < .01
Note: Adapted from Ober et al. (2019).

Regression models indicated that measures of executive functions accounted for
significant variance in literacy skills after controlling for age and fluid intelligence. Different
aspects of executive functions predicted certain literacy skills, even after accounting for control
variables, such as age and fluid intelligence. In particular, findings indicated that task-switching
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predicted variance in nonword decoding, and inhibitory control predicted nonword decoding as
well as text recall and inference, see Tables 3.1 and 3.2. Working memory predicted variance in
passage comprehension, even after accounting for nonword decoding, see Table 3.3.
Table 3.3
Multiple regression with passage comprehension as the outcome measure (N = 87)
Variable
β
SE
t
p
Age
–.03
.01
–.29
.776
Fluid Intelligence
.21
.11
*2.25
.027
Nonword Decoding
.21
.07
*2.11
.038
Recall-Inference
.29
.10
**2.77
.007
Working Memory
.28
.07
**3.01
.004
Task-switching
.08
.02
.98
.332
Inhibitory Control
–.00
.05
–.02
.987
*p < .05, **p < .01
Note: Adapted from Ober et al. (2019).

Mediation analyses were conducted to examine indirect associations between
components of EF and reading comprehension by way of the literacy subskills of nonword
decoding and text recall/inference. A total of three parallel mediation models tested for direct as
well as indirect effects of each EF measure on passage comprehension; see Figure 3.1 for
analytic model; note that age and fluid intelligence were included as covariates in the models.
The association between working memory and passage comprehension was found to be direct, as
well as partially mediated through text recall/inference. No indirect effects of task-switching
were found on passage comprehension by way of either nonword decoding or text
recall/inference. Inhibitory control was found to influence passage comprehension through its
associations with both decoding and text recall/inference abilities.
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Figure 3.1. Parallel mediation model showing direct path from executive function skill (i.e., working memory, taskswitching, inhibitory control) to passage comprehension, as well as indirect paths through nonword decoding and
text recall/inference. Age and fluid intelligence were both added as covariates associated with passage
comprehension. Each of the three executive function skills was entered as a predictor into one of three separate
models that assumed this basic form. Note: Adapted from Ober et al. (2019).

In summary, the results from this initial pilot study indicated associations between
components of EF and literacy skills were both direct and indirect. Working memory showed
direct and indirect effects on passage comprehension, the latter mediated by text recall/inference.
Task-switching was associated with decoding, but its relation to passage comprehension was
non-significant. Inhibitory control showed indirect effects on passage comprehension via
decoding and text recall/inference. The findings from this earlier examination suggest that
components of executive functions have overlapping and unique associations to literacy skills in
that particular sample of adolescents. Given the complexity inherent to both reading and EF, it is
not surprising that the relation between these two cognitive processes appears to be multifaceted.
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Consequently, efforts to understand this relation will benefit from the inclusion of multiple
measures of EF constructs and reading subskills.
Current Study
It is presently clear that EF has a place in a comprehensive theory of reading
development, and there is reason to be believe that such an understanding may help to account
for individual differences in how readers process and engage with text to form a representation
of it (Butterfuss & Kendeou, 2018). While recent meta-analyses have focused on the association
between reading comprehension and decoding (for a meta-analytic review, see García & Cain,
2014) and reading comprehension and executive functions (for a meta-analytic review, see
Follmer, 2018), to date, no known meta-analysis has examined the associations between
executive functions and decoding. This study aimed to synthesize associations between EF to
decoding; a critical, and often overlooked, aspect of reading development.
Research Aims
In conducting this investigation, it is expected that an association between components of
executive functions and decoding will be significnant, with associations to decoding likely
varying between the different components of executive functions. The general purpose for this
proposed meta-analytic investigation is to synthesize prior research findings that have examined
this association and to determine an average effect. The guiding aims of the research will be:
1. To identify and examine studies conducted since 1996 that relate executive functions,
decoding or word fluency, and reading comprehension. The date of 1996 has been chosen
because most searches do not render studies relevant to the task until approximately the
time that the Miyake et al. (2000) paper was published.
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2. To assess the extent that EF (i.e., updating / working memory, task-switching, and
inhibitory control) are associated with decoding (i.e., nonword decoding and word
reading).
3. To determine which factors of the participant sample, measures, or study may moderate
the associations between EF and decoding.
4. To determine which, if any, aspects of executive function have not been studied in
relation to decoding to the extent of other components.
Research Questions
Several of the guiding research questions are as follows:
1. Using robust variance estimation to account for the clustering of effect sizes, what is the
overall meta-analytic correlation between decoding and EF?
2. What is the meta-analytic correlation between aspects of decoding (i.e., nonword
decoding and word reading) and EF (i.e., updating / working memory, task-switching,
and inhibitory control)?
3. Are there differences when certain variables listed below are taken into consideration:
a. decoding task type (nonword decoding or word reading)?
b. EF construct (updating / working memory, task-switching, inhibitory control)?
c. sample age?
d. stimulus type of EF task (alphanumeric or non-alphanumeric)?
e. response modality of EF task (verbal/spoken or non-verbal/non-spoken)?
f. dominant language spoken (English or non-English)?
g. writing systems (alphabetic or non-alphabetic; orthographic depth)?
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h. gender distribution, as indicated by the proportion of the sample that is female
relative to the total sample size?
i. ability distribution, as indicated by typically developing children and mixedability samples with some children who experience reading difficulties?
4. Is the overall meta-analytic correlation between decoding and EF systematically
influenced by products of the data collection and publication process, particularly:
a. study design (correlational (concurrent), means comparison, cross-sectional,
longitudinal)?
b. publication status (published or unpublished)?
c. journal cite score (based on 2017)?
d. year of circulation (in the case of published studies, year of publication)?
e. country/region of data collection (USA or outside USA)?
In examining these research questions, this study will draw on the dual route theory of
reading (Coltheart, Curtis, Atkins, & Haller, 1993; Coltheart, Rastle, Perry, Langdon, & Ziegler,
2001) and the “unity and diversity” framework of EF (Miyake et al., 2000). As mentioned, in the
dual route theory, the process of reading aloud print involves two separate routes: the lexical and
the non-lexical routes. While automaticity of the lexical route leads to efficient real word
reading, automaticity of the nonlexical route results in fluent nonword reading. In line with this
distinction, the analysis will examine decoding with respect to two general types of reading
tasks: word reading and nonword decoding. The “unity and diversity” framework of EF suggests
that it may be deconstructed into three separate areas of cognitive skills, each of which are
interrelated. The EF skills examined will fall within the area of updating / working memory,
task-switching, and inhibitory control.
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The current research has important gaps in understanding the association between aspects
of EF in relation to the reading skill of decoding, which is thought to be essential in constructing
and accessing a lexicon and semantic system to fluently and accurately read and comprehend
text (Coltheart, 2006). In conducting this investigation, we wanted to examine the association
among components of EF and decoding, with associations to decoding likely varying between
the different components of executive functions. We wanted to further understand the
association in light of differences which could be accounted for by several potential moderating
factors related to characteristics of the sample and measures.
Chapter Summary
This chapter summarizes findings from a pilot study looking at the associations between
aspects of EF and reading comprehension and provides a set of objects for the current study .
The findings from this earlier study motivated the current meta-analytic investigation as they
provided evidence that aspects of EF influence reading comprehension indirectly by way of
decoding skills. In the current study, the guiding questions provide a framework for conducting a
series of meta-analyses to further unpack the associations between EF and decoding and to
determine whether other factors may systematically account for variation in the association. In
the section that follows, those variables necessary for addressing the research questions, and
their measurement, will be further described.
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CHAPTER FOUR
OPERATIONALIZATION OF VARIABLES
In this section, there are brief descriptions of the variables used in the analyses, as well as
the types of tests and measurements from which the variables were extracted from the included
studies. The section is organized around primary outcomes of interest (nonword decoding, word
reading, updating/working memory, task-switching, inhibitory control), as well the moderator
variables. Appendix G provides a complete list of measures included in the meta-analysis by
construct.
Primary Variables of Interest
Decoding Variables
Decoding refers to the ability to read lexical units (words and morphemes) of a written
language and to deconstruct such units into sub-lexical units (letters and phonemes). Broadly
speaking, measures of decoding included in this investigation will include those which assess
nonword decoding skills and word reading abilities. Some general measures of decoding were
also be included, such as the Homophone Choice Task (HCT; Cunningham & Stanovich, 1990),
which requires the examinee to discriminate between words that are pronounced identically but
spelled differently (e.g., rose vs. rows) and match them to pictures. Each of these tasks require
some knowledge of letter-sound associations, see Table 4.1. In this particular investigation,
decoding was conceptualized according to the dual route model (Coltheart, 2006), which
describes a lexical route involving word reading and a non-lexical route involving nonword
decoding.
Research has largely established the association between executive functions and early
literacy skills (Cartwright, 2012; Foy & Mann, 2013). Among fluent adult readers, findings from

47

RELATION BETWEEN EF AND DECODING META-ANALYSIS
brain imaging studies with fMRI suggest structural differences in processing real words (i.e.,
those associated with specific meaning) and phonologically plausible nonwords (Vigneau,
Jobard, Mazoyer, & Tzourio-Mazoyer, 2005). These findings are consistent with the dual-route
cascading model proposed by Coltheart (2006), which suggests that different processing
pathways are involved in the reading of lexical and non-lexical written units of language. Within
the existing literature, few studies have accounted for the effects of lexicality by comparing the
reading of real words to that of reading phonologically plausible nonwords. In this investigation,
decoding tasks were coded as involving the reading of real (i.e., words associated with meaning)
or nonwords (i.e., phonologically plausible but meaningless word forms).
Nonword decoding. Tasks tapping into nonword decoding skills require the examinee to
read a list of increasingly complex nonwords. Standardized tests of nonword decoding included
the Word Attack subtest of the Woodcock Johnson Tests of Achievement (WJ-III; Woodcock,
McGrew, & Mather, 2001) and the Phonemic Decoding Efficiency subtest of the Test of Word
Reading Efficiency (TOWRE; Torgesen, Wagner, & Rashotte, 1999).
Word reading. Measures of word reading require examinees to fluently and accurately
read words, either in the context of a short story or passage or out of context. Standardized tests
of word reading included the Word Identification subtest of the Woodcock Johnson Tests of
Achievement (WJ-III; Woodcock, McGrew, & Mather, 2001) and the Sight Word Efficiency
subtest of the Test of Word Reading Efficiency (TOWRE; Torgesen, Wagner, & Rashotte, 1999).
These tasks require the examinee to read a list of grade-based increasingly complex words. Many
word reading tests require examinees to read a passage out loud. Examinees are then scored
based on the number of words read correctly. The time taken to read a passage may also be used
as an indicator of reading rate.
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Table 4.1.
Summary of variables and measures of decoding.
Decoding
Nonword Decoding

Word Reading

Construct
Defining Task Quickly and/or accurately

Quickly and/or accurately translating

Features

translating from text-to-speech non-

from text-to-speech printed words that

lexical word-like text that appears

may or may not be familiar

to follow written language
conventions
Example

•

Tasks

•

Word Attack subtest of the

•

Word Identification subtest of

Woodcock Johnson Tests of

the Woodcock Johnson Tests of

Achievement 3rd Edition

Achievement 3rd Edition (WJ-

(WJ-III; Woodcock,

III; Woodcock, McGrew, &

McGrew, & Mather, 2001)

Mather, 2001)
•

Phonemic Decoding

Sight Word Efficiency subtest

Efficiency subtest of the

of the Test of Word Reading

Test of Word Reading

Efficiency (TOWRE; Torgesen,

Efficiency (TOWRE;

Wagner & Rashotte, 1999)
•

Torgesen, Wagner &
Rashotte, 1999)

Burt Word Reading Test
(Gilmore, Croft, & Reid, 1981)
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Executive Function Variables
Previous systematic reviews have noted the difficulties in conceptualizing EF according
to a single unitary definition (Butterfuss & Kendou, 2018; Follmer, 2018; Jacobs & Parkinson,
2015; Kassai, Futo, Demetrovics, & Takacs, 2019), let alone the difficulties encountered in the
measurement of the construct (see Friedman & Miyake, 2017; Friedman, Miyake, Altamirano et
al., 2016; Friedman, Miyake, & Young, 2008; Miyake et al., 2000). In this investigation, EF was
operationalized according to the “unity and diversity” framework, which consists of three
separable and related components: updating / processing component of working memory, taskswitching, and inhibitory control (Miyake et al., 2000), see Table 4.2.
Updating / working memory. The updating component of working memory refers to the
ability to process information while simultaneously processing unrelated information.
Standardized tests of updating or working memory include subtests of the Wide-Range
Assessment of Memory and Learning (WRAML-2; Sheslow & Adams, 2003). Several studies
also adapted tests of phonological ability and rapid automatized naming, such that students were
asked to recall a list of letters, words, or nonwords from these tests. The Self-Ordered Pointing
Task required students to update visual information and inhibit previous responses (Petrides &
Milner, 1982). Traditional tasks of working memory intended for adults, such as the Operation
Span task (Conway et al., 2005), typically utilize a dual-task paradigm, where examinees are
instructed to perform multiple tasks concurrently. By contrast, measures of updating, such as the
N-Back (Kane et al., 2007), may require the examinee to determine whether a presented stimulus
is the same or different from one presented from a set number of items previously. Note that
experimental (i.e., not standardized) assessments of updating or working memory that may be
included in this synthesis may be examined separately from standardized tasks.

50

RELATION BETWEEN EF AND DECODING META-ANALYSIS
Task-switching. Tasks that assess task-switching ability are designed to tap into the
examinee’s ability to efficiently and accurately adapt to new rule paradigms. The local-global
task (Navon, 1977) is often considered a measure of task-switching, where examinees are
presented with a geometric figure (often called a Navon figure), in which the lines of the
“global” figure (e.g., a triangle) were composed of much smaller, “local” figures (e.g., squares).
Depending on the color of the figure, examinees are instructed to say aloud the number of lines
(i.e., 1 for a circle, 2 for an X, 3 for a triangle, 4 for a square) in the global, overall figure or the
local, smaller figures. When the colors of the figure are changed from one trail to the next,
examinee also has to shift from attending to the global features to the local features, or vice
versa. In tasks administered to younger children, rule paradigms are typically introduced
explicitly, as in the case of the Dimensional Change Card Sort task (DCCS; Zelazo, 2006).
Inhibitory control. Measures of inhibitory control are by far the most varied in structure
and target construct. In general, inhibitory control refers to the ability to withhold a prepotent
response. As mentioned in the previous chapter, some research suggests that inhibitory control
itself may be deconstructed into three separate types: prepotent response inhibition, resistance to
distractor interference, and resistance to proactive interference (Friedman & Miyake, 2004). The
Stop-Signal task (Logan, 1994), which is thought to assess prepotent response inhibition,
requires examinees to respond in a set fashion when a type of stimulus is presented and to
discontinue this response when a tone is emitted immediately prior to stimulus presentation. The
Flanker task (Eriksen, 1995), thought to be a measure of distractor interference, requires the
examinee to indicate the direction of a stimulus (often an arrow) presented in the middle of their
visual field while ignoring “flanking” (distracting) arrows that surround the target stimulus. By
contrast, the Brown-Peterson task (Kane & Engle, 2000), which measures proactive interference,
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requires an examinee to learn and later freely recall successive lists of words drawn from the
same category, such that information from previously learned lists is likely to interfere with
recall. Other measures, such as the Inhibition subtest from the NEPSY II (Korkman, Kirk, &
Kemp, 2007) appear to measure a more general construct of inhibitory control. In this synthesis,
inhibitory control was examined as a unitary construct, and all types of measures will likely be
assessed as such.
Table 4.2.
Summary of variables and measures of executive functions
EF

Updating /
Task-switching

Construct

Inhibitory control

working memory

Defining

Accurately reproduce

Flexibly switch between

Active suppression of

Task

information while

rule-sets or paradigms to

prepotent or automatic

Features

completing another

apply learned rules in

response

task

context

Example

•

Tasks

•

Letter Memory

Dimensional

•

Inhibition test

(Morris &

Change Card Sort

from the NESPY

Jones, 1990)

Task (Zelazo,

II (Korkman et

Word Updating

2006)

al., 2007)

(Palladino et

•

•

•

Wisconsin Card

al., 2001)

Sort Task (Grant

Number

& Berg, 1948)

Updating

•

(Caretti,
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•

Stroop* (Stroop,
1935)

•

Same World-

Local Global Task

Opposite World

(Navon, 1977)

Task* (Gerstadt,
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Cornoldi, &

•

Pelegrina,

Hong, &

(Yntema, 1963)

Diamond, 1994)
•

2007)
•

Keep-track Task

N-back (Kane

Stop Signal*
(Logan, 1994)

et al., 2007)
*Note: Measures prepotent response inhibition.

Factors that May Moderate the Association between Decoding and EF
In this analysis, there were generally two forms of moderators. The first form consisted
of those which were of primary interest to the research questions and which involved moderator
variables that have been previously shown to influence either reading abilities or EF. The second
consisted of variables that one might reasonably expect could alter the study findings.
Covariates of Decoding or EF
Age. Brain imaging studies using fMRI have found unique patterns of activation present
across participants engaging in EF tasks, which furthermore may shift from a reliance on the
frontal cortex to reliance on the parietal cortex with age (Houde, Rossi, Lubin, & Joliot, 2010).
Some research suggests that the first executive function to emerge in children is the ability to
inhibit overlearned behavior, and the last to appear is verbal fluency (Juardo & Rosselli, 2007).
With regards to reading acquisition, age has also been found to correlate with the development
of certain literacy skills according to several frameworks of acquisition (Chall, 1976; Ehri, 1995;
Whitehurst & Lonigan, 2001). While not a perfect estimate of children’s reading abilities, there
is a known shift that occurs in children’s reading ability around third to fourth grade, or about
age 8 years, at which time a typically developing child becomes a more fluent reader. At
approximately this age, one might expect a diminishing influence of nonword decoding among
samples of typically developing children. However, this relation between age and the influence
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of nonword decoding skill may depend on other factors, as well. Such factors include the age at
which reading instruction begins, in addition to the transparency of the writing system.
Stimulus type. Previous research has noted differences in the association between rapid
automatized naming (RAN) tasks and reading, spelling, and math difficulties based on whether
or not the RAN tasks consisted of alphanumeric or non-alphanumeric stimuli (Donker et al.,
2016). The extent to which associations between measures of EF and decoding are influenced by
the selection of task stimuli has yet to be determined.
Task modality. A previous meta-analysis examining systematic differences between
typically developing readers and those with reading difficulties found that task modality (i.e.,
verbal or non-verbal) were significant in accounting for variation of effect sizes, with notably
larger effect sizes for tasks which required a verbal response, g = .45, SE = .09, compared with
those which required a non-verbal response, g = .22, SE = .07. The difference was found to be
statistically significant, QE(1) = 3.97, p < .05, with a moderate percentage of the variation of
effect sizes due to heterogeneity rather than chance, I2(%)= 59.14 (Booth et al., 2010). However,
previous examinations of the factor structure of EF among children point towards great unity
among certain EF measures based on the parameters of the task, regardless of whether the task
stimuli appears to be alphanumeric or non-alphanumeric (Messer et al., 2018).
Language. Prior research has shown that children’s phonological abilities and linguistic
(oral) comprehension are strongly associated with larger reading abilities (de Jong & van der
Leij, 2002). Some evidence suggests that this association is influenced by the qualities of the
language, such as the saliency of syllables, familiarity of the morphological patterns in unknown
words, linguistic significance of the onset or final phoneme deletion, importance of vowel
harmony, etc. (Durgunoğlu & Öney, 1999).
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Writing system and orthographic depth. Cross-linguistic differences in reading
acquisition have been widely studied and have been shown to vary as a function of orthographic
depth (Ziegler & Goswami, 2005). According to some accounts, orthographic depth may be
regarded as a conglomerate of the complexity of print-to-speech correspondences as well as the
unpredictability due to the derivation in the pronunciations of words (Schmalz, Marinus,
Coltheart, & Castles, 2015). Studies have also found differences in children’s reading acquisition
among alphabetic languages, with evidence to suggest that phonological awareness, a main
factor associated with reading performance, is modulated by the orthographic transparency of the
language, with a stronger modulating effect present in less transparent language (Ziegler et al.,
2010). The psycholinguistic grain size theory predicts that readers of less transparent languages
tend to rely on larger orthographic units to reduce ambiguity of print-to-speech correspondences
in their orthography (see Zeigler et al., 2010). According to the orthographic depth hypothesis
(Frost & Katz, 1992), beginning readers of languages with more shallow orthographies can
decode unknown words with a discrete set of grapheme-phoneme correspondence rules. In
contrast, in languages with deep orthographies, where there are regular and irregular words,
beginning readers may need to learn and apply grapheme-phoneme correspondence rules, as well
as additional other information (e.g., analogies, morphological knowledge) to read unknown
words. In the case of languages with relatively deep orthographies, beginning readers may have
more difficulty decoding words, thus requiring a greater involvement of EF in early reading. By
contrast, for languages with relatively shallow orthographies, beginning readers may encounter
less difficulty in decoding words, thus relying on EF to a lesser extent.
Gender. Prior research has produced mixed findings regarding gender differences among
children with reading difficulties and in relation to executive functions. While studies have
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found that males are more likely than their female counterparts to have known cases of reading
difficulties (Quinn, 2018), some research suggests this may be due to the greater variation in
reading performance observed in males compared to females (Hawke, Olson, Willcut,
Wadsworth, & DeFries, 2009), or may even be confounded with the measurement properties and
individual differences related to spelling or writing (Berninger, Nielsen, Abbott, Wijsman, &
Raskind, 2008). Likewise, while some research on EF suggests no differences between males
and females among a typically-developing sample (Sulik et al., 2010; Wiebe et al., 2011), males
are at an increased risk for disorders of executive attention, such as attention-deficit disorder
(ADHD; Arnett, Pennington, Willcutt, DeFries, & Olson, 2015), with some findings suggesting
that females with ADHD may suffer from less severe impairments in reading performance
(Rucklidge & Tannock, 2002).
Mixed ability sample. Previous research has shown that among children with reading
difficulties, such as dyslexia, EF appears to explain less variance in reading performance
(Altemeier et al., 2008). In contrast, other findings have indicated that among children with word
recognition deficits in particular, impairments in verbal working memory and inhibitory control
have been found (Locascio, Mahone, Eason, & Cutting 2010). This association is thought to be
complicated by the reciprocal nature between communicative skills with EF and other general
self-regulatory functions (Singer & Bashir, 1999): children who have better communicative
skills are perhaps more likely to understand and interpret instructions which necessitate the
activation of EF skills, and vice versa. Thus, it may be reasonable to anticipate that associations
between decoding and EF among a mixed-ability sample consisting of both typically developing
children and those at-risk for reading difficulties may differ from those found in a strictly
typically developing sample.
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Controlling for Additional Factors
Additional factors that could account for variance between effect sizes should also be
considered as possible moderators which affect the associations between decoding and EF, even
if the effect is due to error or bias. These factors include the study design, publication status
(published or not), the journal cite score for published studies, the year of
circulation/publication, and the location of data collection.
Chapter Summary
In this chapter, the variables of interest to be included in the systematic review and
analyzed in the meta-analysis were described. The primary variables include those which tap
into decoding skills, both with respect to real and nonwords, as well as variables that are
considered measures of different executive function skills, particularly components of updating /
working memory, task-switching, and inhibitory control. In addition to these main variables of
interest, moderators were also coded from the included studies. The moderating variables
included those which are known correlates of decoding and EF, as well as moderators that may
influence associations as a product of the publication and data collection process. In order to
better determine the which factors influence the associations between decoding and EF, all of
these variables are taken into account in the analyses described in the chapters that follow.
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CHAPTER FIVE
SYSTEMATIC REVIEW AND DATA EXTRACTION
A systematic review is conducted in such a manner as to minimize biases and random
errors. While not required for conducting a meta-analysis of data, which is a statistical technique
for combining the results of numerous studies to compute overall effect sizes, conducting a
systematic review may improve the integrity of the results of a meta-analysis (Card, 2015). This
section outlines the method employed in this investigation during the process of conducting the
systematic review.
Standards for Systematic Review and Meta-analysis
In conducting the systematic literature review, the PRISMA1 statement and checklist
(Liberati, Altman, Tetzlaff, et al., 2009; Moher, Liberati, Tetzlaff, & Altman, 2009) was adhered
to during the systematic review process to ensure that the search had been conducted in a manner
that is clear and explicit in the methods used (see Appendix D). Due to recent concerns over the
replicability of studies, pre-registration for meta-analysis in the social sciences is now
recommended. As of February 12th, 2019, the study was pre-registered on PROSPERO2
(registration number: CRD420191233733).
Conducting the Systematic Review
The actual process of conducting the literature search consisted of two main stages. The
first involved the selection and planning of search terms. Keeping a record of key terms used in
the database search may help ensure that the search process is thought-out in advance, and
therefore more likely to yield a large return of relevant literature. Additionally, this method

1

www.prisma-statement.org
www.crd.york.ac.uk/PROSPERO
3
https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=123373
2
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allows the research to potentially be replicable. The second phase of the literature search
involved the actual retrieval of articles and other research reports from databases.
Selection of Key Terms
Prior to accessing literature from databases, the researcher met with a college librarian to
better understand conventions of Boolean search terms. In deciding key terms to be entered into
databases, the Cochrane acronym of “PICO” was utilized. PICO stands for population
intervention, comparison, and outcome. At the time of the search, the population was not
restricted to children and adolescents, and also included adults, though studies with adults were
later eliminated due to the relatively small yield. The intervention, a somewhat inappropriate
term given that the studies of interest were correlational (concurrent), was the association
between decoding (nonword or word reading fluency) and executive function skills (updating /
working memory, task-switching, and inhibitory control). In this particular investigation,
comparisons were not an essential dimension of the search, only because studies where group
differences (as in the case of randomized controlled trials) were not the main focus. Finally,
outcomes included study sample sizes and correlations between measures of the primary
variables of interest (see Appendix G for a list of constructs and measures). In addition, all
literature must have been published in English, though the overall study population was not
restricted to English speakers.
Retrieval of Literature
A search for relevant literature was carried out using the following databases: EBSCO
Academic Search Complete PubMed, ProQuest Dissertations and Theses, Web of Science,
PsycARTICLES, and PsycINFO. An asterisk after a word, or the root of a word (e.g., function*)
was used in order to retrieve all related terms to that word, such as executive functions, executive
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functioning, etc. Qualitative studies, case studies, interviews, focus groups and literature reviews
were excluded from the search. The age-group was specified to be childhood (birth-18 years),
and only studies published in English were searched. The search was conducted between
September 23rd and 24th, 2018. An additional wave of literature search was conducted on
December 19th, 2018, which expanded search criteria to the years 1996 to 2019. Several
combinations of keywords were used in the same databases as before. Literature searches on
different engines were similar and are presented in Appendix A. The specific literature search
criteria entered in EBSCO Academic Search Complete, for example, is provided below:
(“decoding” OR “word reading” OR “word fluency”) “reading” AND (“executive
function*” OR (“working memory” OR “executive working memory” OR “updating”)
OR “naming speed” “planning” OR “monitoring” OR (“inhibition” OR “inhibitory
control”) OR (“switching” OR “task-switching” OR “shifting” OR “cognitive
flexibility”))
Authors of articles where data reporting was incomplete were contacted for additional
information around this time. Approximately five authors replied rendering their studies useful.
A listserv announcement was also distributed to a community of cognitive and developmental
science researchers around this time and yielded an additional five unpublished studies from four
authors. In total, efforts yielded 9,056 articles, of which 3,088 were removed as duplicates,
yielding 5,968 potential studies.
Screening of Reports
Screening was conducted in two phases: the first phase consisted of a title and abstract
screening, and the second phase consisted of a full-text screening. During each phase, one
reviewer sorted articles into categories indicating the articles either met or did not meet criteria
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(see Appendix B). The first phase consisted of examining the articles and determining eligibility
according to basic information available in the title and abstract regarding the participants, study
design, measures, and analyses conducted. A total of 5,289 articles were found to be irrelevant
during this initial screening phase. Throughout both screening and subsequent data extraction
process, Covidence4, an online meta-analysis management tool, was used to track articles.
During the second phase of screening, which consisted of full-text screening, the articles
were examined more thoroughly to ensure that the necessary criteria were met for data
extraction. In total, 679 articles were thought to potentially meet the necessary criteria for fulltext screen and data extraction. Of these, 290 articles had been retrieved as a result of a reference
search of already-included studies and also underwent full-text screening. Criteria for a study to
be included in the meta-analysis was that: (a) participants meet the age requirement (children age
18 or under); (b) the majority of the sample was not thought to have reading difficulties, a
learning disability, or other known clinical diagnoses; (c) measures of participants' decoding and
EF skills were recorded during the same assessment occasion; (d) the study was available in
English; (e) the study was published in 1996 or later; and (f) sufficient statistical data was
available to calculate an effect size, which included correlation coefficients, must be reported.
In the course of conducting the full-text screening, 629 articles were removed for not
meeting the basic criteria mentioned previously (see Figure 5.1 for specific rationales for
exclusion). The final yield was 50 articles that met the criteria and contained quantitative
information that could be used to calculate the effect size. Of these, most were peer-reviewed,
published manuscripts (n = 40), and the remaining either unpublished manuscripts (n = 2),
dissertations (n = 7), or a conference presentation (n = 1).

4

www.covidence.org
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Figure 5.1. PRISMA flow diagram for the search and inclusion criteria for studies in the present
review. Note that during full-text screening, studies were excluded for the following reasons:
wrong outcomes (n = 342); wrong study design (n = 101); contained measures of EF or decoding
but not both (n = 79); adult population (n = 48); wrong subject population (i.e., clinical or
suspected diagnosis) (n = 42); not published in English (n = 13); full text not available (n = 3);
study already included as unpublished dissertation (n = 1).
Coding of Included Articles
The 50 included studies subsequently underwent coding and data extraction. A subset of
articles were additionally coded by a trained researcher. The lead researcher on this investigation
created the codebook (see Appendix C), which specified the data to be extracted. More details
regarding the operationalization of the variables is presented in chapter 3.
The codebook was also used to extract evidence about the quality of the data presented in
each article. The quality assessment was used by the coder to note whether incomplete or
selective outcome data was reported, or whether other sources of potential bias (e.g., in
participant recruitment processes) may be present in the article.
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Coding of Decoding and EF Moderators
The list of measures administered to the participants was also recorded. For measures of
interest (i.e., those measuring some aspect of decoding or EF), additional steps were taken to
ensure they were categorized accordingly in a manner that would yield their correlations useful
for the meta-analysis. Within the included articles, decoding outcomes were characterized as
either nonword decoding or word reading, and EF outcomes were characterized as either
updating / working memory, task-switching, and inhibitory control. In addition to these primary
variables of interest, several secondary variables of interest in the samples, as well as variables
extracted to examine bias, were also extracted to be used as moderators. The coding of these
variables is described in the sections that follow. The list of tasks from which effect size
estimates were drawn, and their respective categorization, is also presented in Appendix G.
Decoding. In line with the dual-route cascading model proposed by Coltheart (2006),
which suggests that different processing pathways are involved in the reading of lexical and nonlexical written units of language, decoding tasks were coded as involving the reading of
nonwords (i.e., phonologically plausible but meaningless word forms) or real (i.e., words
associated with meaning). Nonword reading outcomes were characterized as those which require
the participant to read a list of increasingly complex non-words. Word reading outcomes referred
to, for example, those which require participants to fluently and accurately read words, either in
the context of a short story or passage or out of context. There were 94 effect sizes derived using
word reading tasks, while the remaining 41 involved nonword reading tasks.
EF. The three targeted executive function aspects included in this investigation were
those defined by the Miyake et al. (2000): updating / working memory, task-switching, and
inhibitory control. Outcomes measuring EF were considered measures of updating / working
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memory when they required participants to determine whether a presented stimulus is the same
or different from one presented in a set number of items previously. Task-switching outcomes
were identified when tasks required participants to efficiently or accurately adapt to new rule
paradigms. Measures of EF were considered inhibitory control outcomes when they required a
participant to withhold a prepotent response. Of those effect sizes from the included studies, 82
involved updating / working memory, 30 involved inhibitory control tasks, and 23 involved taskswitching.
Coding of Additional Moderators
Across studies, there is inherently bound to be some variation in the effect size estimates
(Rosenthal & DiMatteo, 2001). Such heterogeneity of effect sizes may be partially explained by
certain variables (Borenstein, Hedges, Higgins, & Rothstein, 2010; Hedges, 1983; Hedges &
Olkin, 1985; Hunter & Schmidt, 2004; Lipsey & Wilson, 2001). In this meta-analysis, several
variables were expected to explain the heterogeneity within the effect sizes or to moderate the
effect as based in the literature: stimulus type for EF task (verbal/alphanumeric or nonverbal/non-alphanumeric), sample age (younger and older children/adolescents), gender
(proportion male or female), dominant language spoken (English or non-English), orthographic
system (alphabetic or nonalphabetic), and whether the sample consisted of only typically
developing children or consisted of some children who experienced reading difficulties. Since
many studies often did not consistently report participants’ race/ethnic background, this
information was not recorded for the meta-analysis. When available, reliability and validity
indices were recorded in the hope that a correction could be applied to measures with low
reliability and validity indices. Regrettably, information on reliability and validity was not
reported consistently, rendering such an analyses non-feasible for the given sample.

64

RELATION BETWEEN EF AND DECODING META-ANALYSIS
Age. The mean sample age, if available, was extracted from the studies with intent of
examining whether it accounted for any variation in the effect size estimates. Prior to running
analyses, mean sample age was treated as a continuous variable grand mean centered.
Stimulus type. For each EF measure, the type of stimuli (verbal/alphanumeric or nonverbal/non-alphanumeric) was noted. Alphanumeric stimuli consist of letters, digits, or words.
Non-alphanumeric stimuli consist of numeric objects, shapes, colors, or images. Of those
included effect sizes, 99 were derived from EF tasks that utilized alphanumeric stimuli, while the
remaining 36 were derived from EF tasks that used non-alphanumeric stimuli. EF stimulus type
was coded as 0 denoting alphanumeric stimuli in the EF task was used or 1 denoting nonalphanumeric stimuli was used.
Response modality. In addition to the stimulus type for each EF measure, the response
modality (verbal/spoken or non-verbal/not spoken) was noted. Tasks with verbal/response
modalities typically required the examinee to respond by reading aloud or speaking. By contrast,
asks with non-verbal/not spoken response modalities often required the examinee to point, press
a keypad, or use some other form of a tactile responding mechanism. Of those included effect
sizes, 93 were derived from EF tasks that utilized a verbal response modality, while the
remaining 27 were derived from EF tasks that used a non-verbal response modality. EF response
modality was coded as 0 denoting verbal response mechanism was used in the EF task or 1
denoting a non-verbal response mechanism was used.
Language. For each effect size estimate, information about the languages spoken by
participants within the sample were recorded. In an effort to account for the oral language, this
information was extracted from the included studies. While the majority of studies involved
research conducted with English-speaking participants (k = 91), other languages spoken among
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participants included in the meta-analytic sample included: Chinese (Cantonese) (k = 7), Danish
(k = 1), Dutch (k = 12), French (k = 4), German (k = 3), Greek (Modern Standard and Cypriot) (k
= 11), Norwegian (k = 2), Spanish and Galician (k = 2), and Turkish (k = 2). Language was
coded as 0 indicating an English-speaking sample or 1 indicating non-English-speaking sample.
Writing system and orthographic depth. Information about the writing system used
among participants, as well as the language spoken, was also extracted to be examined as a
moderating variable. To examine orthographic depth as a potential moderator, the orthographic
systems were first coded as alphabetic (k = 128) or logographic (k = 7). Among the languages
which were alphabetic, a further distinction was made regarding the depth of the orthography
based on the descriptions of depth proposed by previous research (Goswami, Gombert, & de
Barrera, 1998; Goswami, Porpodas, & Wheelwright, 1995; Furnes & Samuelsson, 2010; Kitori
& Pitchford, 2008; Öney & Durgunoğlu, 1997; Schmalz et al., 2015; Ziegler et al., 2010). Using
categorization schemes previously proposed, a new variable was created to note writing systems
as relatively more transparent (e.g., Danish, Greek, Norwegian, Spanish, Turkish), moderately
transparent (e.g., Dutch, German), and less transparent (e.g., English, French) based on the
phonologically transparency of the orthography with varying degrees of regular letter-sound
correspondences.
Gender. To account for the potentially moderating effect of gender on the association
between EF and reading, the proportion of females present within the entire sample was coded as
a continuous variable. Sample gender proportion was treated as a continuous variable and grand
mean centerd prior to conducting analyses.
Mixed ability sample. As a criteria for inclusion in the study, the samples could not
consist of participants with a known clinical condition or a diagnosis of a learning difficulty.
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However, several included studies reported that the sample may include some children with
learning difficulties or were at-risk for such. The studies with mixed-ability or participants atrisk for a reading-specific learning difficulty were included in the analyses and coded as such. A
dichotomous variable was created such that it was coded 0 if the sample was described as
homogeneously typically developing (k = 105), or 1 if the sample consisted of mixed-ability or a
number of at-risk participants (k = 30).
Controlling for Additional Factors that May Account for Variance
Additional variables were examined as moderators when the data suggested that such an
approach was warranted, and to ensure that any explained heterogeneity in effect sizes could be
properly accounted for and was unlikely to be due to confounding variables (see Lipsey &
Wilson, 2001). These variables included: publication year, publication type (published or
unpublished), study design (control group from experimental/randomized controlled trial,
correlational (concurrent), longitudinal, cohort), and country/region where data was collected.
Study design. Within the entire corpus of included studies, 87 effect sizes were drawn
from correlational (concurrent) studies, 32 from the initial measurement phase of longitudinal
studies, 10 from control groups of comparison studies, and 6 from cross-sectional studies. To
determine whether the design of the study influenced the variance in effect size estimates, a
categorical variable was initially created to indicate which of the four types of studies from
which the effect sizes were drawn.
Publication status. In addition to estimates of publication bias, we also sought to
investigate whether there was a systematic difference in effect size estimates between published
studies (i.e., those appearing in a peer-reviewed journal) and unpublished studies (i.e.,
dissertations, conference abstracts/posters, and unpublished manuscripts). In total, 115 effect
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size estimates were drawn from published studies, while 20 were drawn from unpublished
sources. Publication status was coded as 0 denoting peer-reviewed and 1 denoting
unpublished/not peer-reviewed.
Journal cite score. As an additional mechanism to account for variation in effect sizes
due to other potential sources of bias introduced in the publication process, a continuous variable
indicating the journal cite score indexed in 2017 was extracted. The cite score was only extracted
for published studies and ranged between .94 and 4.8. The journal cite score was treated as a
continuous variable and was grand mean centered prior to analyses.
Circulation year. Studies retrieved through the systematic review included those which
were published or otherwise circulated between 1996 and 2018. While the systematic review
limited the included studies to those which were published or otherwise circulated between those
years, one may reasonably expect that models and methods of collecting effect size estimates
could evolve within the span of 22 years. Thus, circulation year was extracted to be used a
moderator to control for any variation in effect sizes for which it may account. The circulation
year was treated as a continuous variable and was grand mean centered prior to analyses.
Country/region of data collection. To determine whether the country or region in which
the data was collected may account for any systematic variation in effect sizes estimates, this
information was extracted from the studies where it was available. While nearly half of the effect
size estimates were drawn from samples in the USA (k = 49), other samples were drawn from
the following areas: Canada (k = 4), Cyprus (k = 4), Denmark (k = 1), France (k = 4), Greece (k =
7), Hong Kong, China (k = 5), Northern Cyprus (k = 2), Norway (k = 2), Spain (k = 2),
Switzerland (k = 3), The Netherlands (k = 12), and the United Kingdom (k = 40). Given the
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number of studies from the USA, the country of data collect was ultimately treated as a binary
variable, with 0 indicating USA and 1 indicating outside of USA.
Bias Reduction Methods
Throughout the course of conducting the systematic review and meta-analytic coding,
several recommended measures were taken to reduce potential for bias. These included measures
to reduce biases in selective reporting of data, information, analysis, related to publication, as
well as bias introduced by the researchers in the process of data extraction.
Mitigation of Selective Reporting Bias
Selection bias (sometimes known as “reporting bias”) refers to the selective reporting of
outcomes within published studies (Williamson, Gamble, Altman, & Hutton, 2005). During the
data extraction, reviewers were given a quality assessment to “grade” the likelihood of bias in
selectively reporting outcomes. The quality assessment was based on items from the Cochrane
Risk of Bias tool (Higgins & Altman, 2008). Reviewers were asked to indicate for each article
whether there was a low, high, or unclear risk of bias, and on what grounds. Items for assessing
risk of bias included evidence (or lack of evidence to the contrary) for incomplete outcomes
reported for the data, selective outcome reporting, sampling bias, in particular. Articles with high
or unclear risk of bias were included, but only after additional scrutiny of the data. No studies
were excluded on this basis.
Mitigation of Information Bias
Information bias occurs when information about the study influences how participants
behave or researchers interpret the results (Stroup et al., 2000). The blinding of participants and
researchers to a particular study condition is one way to reduce the risk of information bias. Due
to the Correlational (Concurrent) design of many of the studies, information bias was already a
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reduced risk factor. Nevertheless, during the data extraction process, multiple reviewers, each
blinded from the quality assessments of other reviewers, scrutinized the articles and noted
potential sources of bias due to the selection of participants and reporting of data using the same
rubric described earlier.
Mitigation of Bias in the Analysis
Bias may occur in analysis when it is conducted in a post-hoc fashion and not reported as
such. In an effort to mitigate potential for this bias, corresponding authors were contacted for
original data of correlational matrices for variables of interest, as this is a primary data source for
this investigation. Of eleven authors contact, two responded with the requested data, and as such,
those studies were included in the analyses.
Mitigation of Publication Bias
Publication bias refers to tendency for published peer-reviewed articles to only report
findings when they prove to be significant. Due in part to the competitiveness of the publication
process, publication bias has been identified as a threat to the interpretability of findings. To
reduce the risk of publication bias influencing the results, both published and unpublished
(primarily in the form of dissertations) manuscripts were included in the corpus of included
articles for data extraction. Furthermore, several analyses were conducted to examine the risk of
publication bias. These include analyses to examine the classic and trim-and-fill funnel plot,
classic fail-safe N, and Egger’s test of the intercept.
Funnel plot. The funnel plot is used to illustrate a measure of study size (typically in
standard error or precision) on the vertical axis as a function of effect size on the horizontal axis
(Duval & Tweedie, 2000; Sutton, Duval, Tweedie, Abrams, & Jones, 2000). Larger studies
appear toward the top of the graph, while smaller studies appear toward the bottom of the graph.
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Smaller studies tend to appear more dispersed as they have a greater sampling variation in effect
size estimates due to their smaller sample size. If publication bias is absent in the meta-analytic
sample, one would expect that the studies would appear distributed symmetrically on both the
right and left sides of the graph. If publication bias is present, then one would expect that the
bottom of the plot would show a great concentration of studies on either the right or left side of
the mean, thus indicating that smaller studies are more likely to be published if they have largerthan-average effect sizes.
Trim-and-fill funnel plot. Unlike a traditional funnel plot, the trim-and-fill funnel plot
aims both to identify and provide a correction for funnel plot asymmetry that may arise due to
publication bias (Duval & Tweedie, 2000; Taylor & Tweedie, 1998). The basis of the method is
to first remove the smaller studies causing funnel plot asymmetry (“trim”), then use the trimmed
funnel plot to estimate the true center of the funnel plot, and then finally to replace the omitted
studies and their missing counterparts around the center (“fill”). The trim-and-fill method also
provides an estimate of the number of missing studies.
Fail-safe N. The classic Rosenthal fail-safe N is an estimate of the number of potentially
missing studies that would be required to nullify the effect found in the meta-analysis. This issue
is commonly referred to as the “file drawer problem” (Rosenthal, 1979). When the fail-safe N is
small, there is reason to be concerned about the stability of the effect. By contrast, if the fail-safe
N is large, there is reason to believe that the effect is not null, though may still be inflated by the
omission of non-significant findings from studies.
Egger’s test. Egger’s test of the intercept provides a concrete and inferential estimate of
risk of overall publication bias (Egger, Smith, Schneider, & Minder, 1997). The test assesses
publication bias by using a measure of precision (calculated as the inverse of the standard error)
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to predict the standardized effect (calculated as the effect size divided by the standard error).
According to this formulation, the size of the treatment effect is then indicated by the slope of the
regression line, while bias in publication is indicated by the intercept. If the intercept is
significant (p < .05), then some effect of publication bias may be presumed.
Mitigation of Bias in the Extraction of Study Data
Efforts to mitigate bias during the data extraction were also implemented. In an effort to
assess reliability, another trained researcher served as a second reviewer who independently
coded a subset of randomly selected literature sources from the included studies. Two reviewers,
both blind to the results of the other reviewers (a preset feature in Covidence), extracted effect
size data from 25 studies. Once data from a study was extracted by the two reviewers, the
reviews were examined side-by-side, and a consensus was drawn in the event of a discrepancy.
Only one study was found to have a discrepancy due to data-entry error and was immediately
resolved, indicating that the percent agreement between the two raters was 96.0%.
Risk of Bias Assessment
Each research report was evaluated for quality using dimensions drawn from the
Cochrane Risk of Bias tool (Higgins & Altman, 2008). The tool involves assessing each research
report in the systematic review according to dimensions of (1) sequence generation, (2)
allocation concealment, (3) blinding of participants and personnel, (4) blinding of outcome
assessment, (5) incomplete outcome data, (6) selective outcome reports, and (7) other issues. As
the tool is intended for studies in the medical field that utilize randomized controlled trials
methodologies, only three relevant dimensions for quality assessment were utilized. These
include incomplete outcome data, selective outcome reports, and other issues, especially
selection of participants and definition of participant population. Articles for which there was
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either a high or unclear risk of bias in two of the three categories were marked for exclusion from
the analysis. Though these studies were additionally scrutinized, none were ultimately excluded
on this basis.
Current Participant Sample From Included Studies
The meta-analytic sample of participants from all studies included consisted of
participants from a broad range of countries and ages across childhood and adolescence. The
sample consists of 15,704 observations from 7,289 different individuals from 135 effect sizes
within 50 studies. The weighted mean of sample ages was 9.02 years, ranging from 5.42 to 16.00
years. Approximately 44.4% of the pooled sample was female, with the remaining male. Over
half of the effect sizes (k = 91) were drawn from samples where English (American and UK) was
presumed to be the dominant language. The majority of effect size estimates were drawn from
typically developing readers; however, a subset of studies (k = 30) consisted of a sample of
mixed-ability or at-risk readers, some of whom have been noted as possessing a reading/learning
difficulty in addition to typically developing readers. In each of these studies, the proportion of
non-typically developing readers is approximately 50% or less. In this subset of studies, for
which data of the typically developing control sample was not available separate and apart from
the clinical sample, data from the entire study sample was included. The rationale is that within a
sample of typically developing readers, there should be natural variation with respect to reading
skills and the specificity and sensitivity of diagnostic methods in identifying struggling readers
(Klingbeil, Nelson, Van Norman, & Birr, 2017). For a full list of the included studies, see
Appendix F: Table 1a.
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Chapter Summary
This chapter provides an overview of the methods used for conducting the systematic
review. Procedures used in the systematic review were conducted in accordance with PRISMA
standards and are intended to be replicable. The studies included in the systematic review
ultimately provided the source of data for the effect sizes estimates in this investigation. Thus,
given the importance that the data is representative, demonstration of a rigorous systematic
review is necessary to ensure validity of the conclusions later drawn from the analyses and
results described in the sections that follow.
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CHAPTER SIX
METHODS FOR DATA SYNTHESIS
A meta-analysis is a statistical analysis that combines the results of multiple studies. As a
basic premise behind meta-analyses, it is assumed that there is some commonality behind all
conceptually similar scientific studies. The main goal of this meta-analysis is to estimate the
overall effect size of the association between executive functions (EF) and decoding. As a
secondary goal, this investigation also aims to explore the extent to which certain variables
account for the differences in effect size estimations across studies. This section outlines the
methods used for analyzing and synthesizing the effect size estimates, as well as the impact of
selected moderators.
Analytic Strategy
A series of analyses were conducted to address the major research questions guiding this
investigation and synthesis. The primary statistic used in the calculation of the overall analysis
was a correlation coefficient representing the association between components of EF and
decoding. When statistics other than correlation coefficients were reported (R2, t-test statistics,
F-statistics, β regression), conversions to r were made. The major questions guiding the analysis
are described in the sections that follow.
Correlational Meta-analyses of Components of EF and Decoding
First, a series of univariate meta-analyses were conducted to examine the meta-analytic
correlations between components of EF and decoding. As mentioned, these analyses draw on the
dual route theory of reading (Coltheart et al., 1993; 2001) and the “unity and diversity”
framework of EF (Miyake et al., 2000). The components of EF consists of updating / working
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memory, task-switching, and inhibitory control, while aspects of decoding will consist of tasks
that measure nonword decoding and word reading.
Fixed v. random effects models. There are general approaches to estimating mean effect
sizes in a meta-analysis, and these include the fixed-effects model and the random-effects model.
In the fixed-effects model, observed effects are presumed to be distributed around one true
effect, with a distribution variance informed entirely by the within-study variances (Borenstein et
al., 2010). By contrast, in the random-effects model, the observed effects estimates are informed
by both the within- and between-study variances, and the observed effects estimates are
furthermore presumed to be different than the study-specific true effects, though they are
assumed to be related and to come from the same underlying distribution (Borenstein et al.,
2010; Veroniki et al., 2016). Recent advances and findings in relation to the fixed-effects model
(see Bonett, 2008; Brannick, Yang, Cafri, 2011), in addition to already well-established methods
(Hedges & Olkin, 1985), suggest that a fixed-effects model may be appropriate when study
samples are not randomly selected. In contrast, a guiding theoretical assumptions of a randomeffects model is that the estimated effects are taken from a randomly-drawn sample of a much
larger and potentially immeasurable population. Since a guiding assumption of the present study
is that the samples of studies have been drawn randomly, a random-effects model was deemed
appropriate.
In a typical a random-effects model, each estimated effect size, !" , is formulated as
follows:
!" = $% + '" + (" ,
where $% represents the true mean effect, the between-study, '" , and within-study, (" , error terms
represent the two variability sources affecting the effect estimates, !" . (Note that this diverges
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from a fixed-effects model, where the between-study error, '" , is not taken into consideration as
a separate source of error.) These two sources of error may be further examined as the betweenstudies, + , , and within-study, - , , variance terms (Hedges & Vevea, 1998; Overton, 1998;
Raudenbush, 1994). When there is no true heterogeneity among the effect size estimates, then
between-studies variance is reduced to essentially zero (τ, = 0), and variability in effect sizes
may be attributable solely to sampling error, - , .
Fisher’s z transformation of effect size estimates. Previous research has found that
correlation coefficients that have been transformed to a Fisher’s z score, and then backtransformed into correlation units, appear to be less biased than the untransformed average
correlation coefficient (Silver & Dunlap, 1987). This method of r-to-z transformation was
applied to the effect sizes extracted from the included studies. The estimates and standard errors
were calculated using a Fisher’s z transformation of the correlation coefficients as follows:
1 + !"
0" = 0.5 × ln 6
9,
1 − !"
where !" in the above formula is the original correlation coefficient extracted from the study, and
0" is theoretically equivalent to :" shown in the formula previously.
The standard error (SE) for each effect size is calculated with the following formula:
;<(0" ) = ?

1
= B" ,
@" − 3

where @" equals the sample size associated with each effect size estimate.
The Fisher’s z score of the estimated effect size and its variance were used in the
analysis, which yield a summary effect and confidence interval, which are reported in units of
Fisher’s z metric (Borenstein, Hedges, Higgins, & Rothstein, 2011). These values are then each
converted back to correlation units using the following formula:
77

RELATION BETWEEN EF AND DECODING META-ANALYSIS
( (,CD ) − 1
!CD = (,C )
.
( D +1
Examining heterogeneity. Heterogeneity will also be tested with multiple indices,
including the Cochran’s Q-statistic, I2-statistic, and τ-statistics, as recommended by previous
studies (see Huedo-Medina, Sánchez-Meca, Marín-Martínez, & Botella, 2006).
Q-statistic. Cochran’s Q-statistic is defined as the weighted sum of squared differences
between the observed effects and the weighted average effect (Borenstein et al., 2011; HuedoMedina et al., 2006). Some regard the Q-statistic as a measure of variation around the average,
and not a true measure of heterogeneity. The Q-statistic is determined with the following
formula:
E = F B" (0" − 0̅" ), ,
"

where the values of B" , !" , and !̅ are determined with any of the formulas presented above.
I2-statistic. The I2-statistic (expressed as a percentage) is a relative measure for the
proportion of observed variance that reflects real differences in effect size (Borenstein et al.,
2011; Huedo-Medina et al., 2006). The I2-statistic may be useful for examining whether there is
enough heterogeneity for a moderator analysis. Assuming E > (I − 1), the I2-statistic is
determined with the following formula:
J, =

E − (I − 1)
× 100% ,
E

where E is determined with the formula presented previously, and I equals the number of studies
present in the meta-analysis. If E ≤ (I − 1), then J² is presumed to equal zero.
τ² and τ-statistics. The τ² (“tau-squared”) and τ (“tau”)-statistics serve as measures of the
dispersion of true effect sizes between study size (Borenstein et al., 2011; Huedo-Medina et al.,
2006). Both the τ² and τ-statistics are scaled in terms of the effect size. Assuming true effects are
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normally distributed, the τ-statistic may be used as a measure of the distribution of true effect
sizes and can be used to calculate the prediction interval of the true effect (Borenstein et al.,
2011). For the random effects model, the τ² is computed in a manner that resembles the I2statistic, which, assuming E > (I − 1), is as follows:
+̂ , =

E − (I − 1)
,
O

where the value of O is determined as follows:
P

O = F B" −
"Q"

∑P"QS B",
.
∑P"QS B"

If E ≤ (I − 1), then +̂ ² is presumed to equal zero. The +̂ is determined by simply taking the
square-root of the +̂ ² statistic.
Moderator analyses. In addition to examining model fit, moderator analyses were
conducted. Dichotomous variables derived from population characteristics and measurement
properties will be examined for their relative impact on model fit. Analyses will examine the
moderation of variables, including average age of the study sample, language background of
participants, writing system (alphabetic or non-alphabetic), stimulus type (verbal/alphanumeric
or non-verbal/non-alphanumeric), proportion of study sample that is female/male, and when
available, reader status (e.g., homogeneously typically developing readers, mixed-ability
sample). In addition, moderator analyses were conducted for factors associated with the data
collection and publication process that may influence the results of the studies, including: study
design, author, publication status, 2017 journal cite score (only for published studies),
publication year, and country/region of data collection. Moderator analyses were conducted with
each of these variables to rule out the possibility that they account for significant heterogeneity
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of effect sizes. In the case of each moderator, separate univariate analyses were examined to
determine the meta-analytic association for each level of the moderator.
Robust variance estimation. It should be noted that some included articles contained
multiple studies, multiple comparisons of the association between decoding and EF, multiple
comparisons within the same participant sample longitudinally, or some combination thereof.
For example, Cain, Oakhill, and Bryant (2004) included multiple measures of word reading and
working memory measured from the same children at three different time points. Typically,
inclusion of multiple comparisons using the same sample is perceived as problematic given the
dependence it causes (see López‐López, Page, Lipsey, & Higgins, 2018). However, there is
precedent for inclusion of these multiple comparisons in meta-analyses where there is an
examination of moderators and the effect sizes are examined in separate meta-analyses (LópezLópez et al., 2018). For this meta-analysis, task stimulus type and type of decoding measure
were examined as potentially moderating variables. There is also some precedent for examining
clustered effect sizes through the application of robust variance estimation (Hedges, Tipton, &
Johnson, 2010). Many studies, not just Cain et al. (2004), contained multiple decoding to EF
effect sizes, so all were recorded and examined.
The robust variance estimation approach differs from the standard meta-analysis not in
the calculation of the weighted least squares estimate, but rather in the estimate of the variance of
the effect size (!" ). Whereas the standard meta-analysis uses the model-based estimator (see
equations calculating T" above), in robust variance estimation, the variance is instead estimated
by a product of the design matrix and weight matrix (as also in the standard meta-analysis), as
well as an adjustment matrix (for small sample sizes) and the estimated residual vector (TannerSmith, Tipton, & Polanin, 2016). Given the design of most studies included in this analysis, with

80

RELATION BETWEEN EF AND DECODING META-ANALYSIS
multiple measures being derived from the same participant sample, and only a few having
multiple cohorts of samples, correlated effects weights was selected over hierarchical weights
(Tanner-Smith & Tipton, 2014). Given the relatively small number of studies conducted by the
same author, in the analyses reported, effect sizes were clustered at the study level.
Chapter Summary
This chapter describes the analytic strategy used in conducting the meta-analysis. A
Fisher’s r-to-z transformation was used to standardize effect size estimates. Standard error terms
were calculated relative to the sample size of the effect size estimates. In order to account for the
extreme clustering of effect size estimates within studies, the robust variance estimation
approach was used. Various indices of heterogeneity are described, with the purpose of
evaluating residual variance and determining the influence of moderating variables. In the
section that follows, results of the analysis are described.
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CHAPTER SEVEN
RESULTS
Analyses were conducted to determine the average association between components of
EF and decoding using the R packages metafor (Viechtbauer, 2010) and robumeta (Fisher,
Tipton, & Hou, 2016). A series of univariate and multivariate meta-analyses with robust variance
estimation were conducted on effect size estimates from each included study. The use of robust
variance estimation allows for multiple effect sizes to be included within the same study, thus
circumventing issues of non-independence. Due to the relatively small number of longitudinal
studies, effect sizes from only the first occasion of measurement were included in the analyses.
For all analyses described a random effects model with the restricted (also referred to as
“residual” or “reduced”) maximum likelihood (REML) method of effect size estimation was
used. Prevost and colleagues (2007) generally recommend the maximum likelihood approach
when multivariate normal assumption appears reasonable, as they do in the models subsequently
described. Bias-reduced linearization adjustments were used to account for the relatively small
sample size (i.e., number of studies < 70; see Tipton, Hallberg, Hedges, & Chan, 2017).
Clustering was conducted at the study-level (m = 50), though preliminary analyses examining
cluster at the level of the first-author (m = 39) did not appear to yield differences in the level of
significance of the meta-analytic effect size estimates.
Following the examination of heterogeneity and model fit, moderator analyses were then
conducted to examine whether select variables predicted any variation in these associations.
Linear contrasts were then examined with Wald-type tests using a sandwich estimator for the
variance-covariance matrix. The Hotelling’s T2-Z small sample correction for the p-value (Tipton
& Pustejovsky, 2015), as well as the bias-reduced linearization adjustment (Bell & McCaffrey,
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2002; Pustejovsky & Tipton, 2018) were both applied to the Wald-type test. In instances where
the Satterthwaite degrees of freedom were less than four (Fisher & Tipton, 2015), results of the
meta-regression suggest the p-value for this variable were considered unreliable. This precedent
has been established by simulation studies which have found that Satterthwaite degrees of
freedom are typically smaller for unbalanced covariates (Tipton et al., 2017).
Overall Average Correlation
Prior to synthesizing effect sizes, we examined their distribution assess the presence of
potential outliers using a violin plot, see Figure 7.1. Two effect sizes (both from Squires, 2014)
were identified as outliers after inspection in the violin plot and removed from the sample. The
two outliers are evident in Figure 7.1 in the graph on the left. After removal of the outliers, the
effect size distribution appeared to be approximately normal with a slight right skew.

Figure 7.1. Violin plot showing distribution of effect sizes for the overall association between EF and decoding.

Meta-analyses were conducted to examine the association between decoding and EF
skills (k = number effect size estimates = 135). Using the recommendations put forth by Cohen
(1992) for assessing the strength of effect size estimates, a moderate correlation coefficient
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between .30 to .49 is equivalent to a Fisher z or between .3095 to .5361. Below that range may
be considered a weak effect size, and above that range may be considered a strong effect size
estimate. Based on this precedent of evaluating effect sizes, the mean effect size of the
association in z-units was considered moderate, Fisher’s z = .34, and significant, 95% CI [.29,
.39], SE = .03, t(47.3) = 13.5, p < .001. There appeared to be significant residual heterogeneity of
effect sizes of the included studies, QE(130) = 655.93, p < .001, I2 (%) = 81.50, τ² = .03, τ = .18.
Sensitivity Analysis
In a robust variance estimation random effects model, the estimation of between-study
variance components is necessary to determine the unconditional variances to weight the effect
size estimates. However, estimation of between-study variance is obviously complicated by the
fact that the correlation structure of the estimates is essentially unknown. Hedges, Tipton, and
Johnson (2010) recommend that sensitivity analyses should be conducted to ensure that estimates
are not highly sensitive to the choice of the covariance structure. The following general steps are
described by Hedges and colleagues (2010) for conducting sensitivity analyses: (1) Choose a
value of the U (“rho”), which represents the true value of the correlational parameter for the
population, between effect size estimates in the same study that is plausible for the data at hand;
(2) estimate the residual variance component using a model assuming that effect size estimates
within a study have equal variances and equal correlations; (3) assign weights to the preliminary
regression; (4) compute an estimate of τ²; (5) perform a sensitivity analysis to determine the
effect of U on τ²; and (6) compute the final meta-regression and compare coefficients, interval
estimates, and standard errors for each value of U chosen. A value of .80 was selected as the
estimated value of U based on assumption that effect sizes drawn from the same studies using the
same task paradigms would be strongly correlated. It should be noted that sensitivity analyses of
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the overall coefficient and standard errors appeared to be relatively the same across multiple
values of U, see Table 7.1. Ishak, Platt, Joseph, and Hanley (2008) found in simulation studies
that the results of multivariate meta-regressions were relatively insensitive to incorrect values of
the within-study correlations, particularly when the number of clusters (m) was sufficiently large
(> 70) (Tipton et al., 2017). While the number of effect sizes in this particular investigation did
not qualify it as sufficiently large, the relative consistency of effect size estimates likely
contributed to the stability of the coefficient and standard errors when analyses with multiple
values of U were conducted.
Table 7.1
Results of sensitivity analysis
Value of rho (U)

0

.2

.4

.6

.8

1.0

x-intercept

Coefficient
SE

.34
.02

.34
.02

.34
.02

.34
.02

.34
.02

.34
.02

τ²

Estimate

.03

.03

.03

.03

.03

.03

Test of Publication Bias
In an effort to test for publication bias, a single effect size estimate was selected at
random for each study, and using these estimates, a standard univariate meta-analysis was
conducted. Visual examination of the funnel and trim-and-fill funnel plots appeared symmetrical,
see Figure 7.2. Of the 135 effect sizes, one chosen arbitrarily from each study, the trim-and-fill
funnel plot revealed two missing studies. The Egger’s test was non-significant, z = 1.71, p = .08,
suggesting that asymmetry of the funnel plot was not significant, further providing evidence for
the lack of an effect of publication bias (Egger et al., 1997). Rosenthal’s fail-safe N was large,
fail-safe-N = 61,493, indicating that over 60,000 studies would be needed for the cumulative
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effect to be non-significant, thus suggesting that the effect was not likely to be susceptible to an
influence of publication bias (Rosenthal, 1979).

Figure 7.2. Trim-and-fill funnel plot for meta-analysis of overall association between EF and decoding. Filled
circles represent the actual data points. Empty circles represent the “filled” values that would need to be added for
no publication bias to be present.

Table 7.2
Meta-regression of the relation between decoding and EF
Measures
b
SE
EF Components
(0=WM, 1=TS)
(0=WM, 1=IC)
(0=TS, 1=IC)
Decoding Task
(0=Word Reading, 1=Nonword Reading)
Age
EF Task Stimulus Type
(0=Alphanumeric, 1=Non-Alphanumeric)
EF Task Response Modality
(0=Verbal, 1=Non-Verbal)
Language
(0=English, 1=Other than English)
Writing System
(0=Alphabetic, 1=Non-Alphabetic)
Orthographic Depth:
(0=Less, 1=More Transparent)
Proportion Female
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t

95% CI

pvalue

–.03
–.00
.03

.06
.06
.07

–.46
–.08
.45

[–.14, .09]
[–.14, .13]
[–.12, .19]

.65
.94
.66

.01
–.00

.05
.01

.28
–.29

[–.09, .12]
[–.03, .03]

.78
.82

–.07

.05

–1.44

[–.17, .03]

.17

–.04

.07

–.56

[–.19, .11]

.54

.02

.05

.32

[–.08, .12]

.75

.08

.07

1.26

[–.09, .25]

.27

.02
–.33

.06
.31

.31
–1.05

[–.09, .14]
[–1.0, .35]

.76
.31
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Measures

b

Mixed Ability
(0=Typically-developing, 1=Mixed)

SE

.05

.05

t

95% CI

1.21

[–.04, .15]

pvalue
.24

Note: WM = Updating / Working Memory; TS = Task-switching; IC = Inhibitory Control

Moderation Analyses: Main Effects
A meta-regression with robust variance estimation was conducted to examine the overall
association between decoding and EF after accounting for the selected moderators. The
moderators included subskills of EF, types of decoding tasks, and other factors that could affect
the strength of the association between decoding and EF. Next, we examined the average
correlations within the different levels of the moderating variable. Table 7.2 provides
information on the moderated meta-regression. Table 7.3 provides information regarding the
average effect sizes for different levels of the moderating variables.
Table 7.3
Relations between Decoding and EF
Moderators

Executive Function
Measures
WM
Nonword
Word
TS
Nonword
Word
IC
Nonword
Word
Decoding Measures
Nonword
Word
Age Group
5 to 9 years old
9 to 15 years old
EF Stimulus Type
Alphanumeric
Non-Alphanumeric
EF Response Modality
Verbal

#
Effect
Sizes
(k)

#
Studies
(m)

Average
Effect
(Fisher’s z)

95% CI
(Fisher’s z)

Average
Effect
(rz)

95% CI
(rz)

p

τ²

82
23
59
23
10
13
30
8
22

36
13
30
13
5
9
14
4
13

.32
.34
.30
.28
.34
.29
.33
.29
.34

[.26, .39]
[.20, .48]
[.24, .36]
[.20, .35]
[.10, .58]
[.18, .39]
[.22, .44]
[.05, .53]
[.22, .46]

.31
.33
.29
.27
.33
.28
.32
.28
.33

[.25, .37]
[.20, .45]
[.24, .35]
[.20, .34]
[.10, .52]
[.18, .37]
[.22, .41]
[.05, .49]
[.22, .43]

<.0001
.0001
<.0001
<.0001
.02
.0004
<.0001
.03
<.0001

.03
.05
.01
.01
.03
.01
.03
.01
.03

41
94

22
39

.33
.32

[.24, .43]
[.26, .38]

.32
.31

[.24, .41]
[.25, .36]

<.0001
<.0001

.04
.02

60
64

22
27

.34
.31

[.24, .43]
[.24, .39]

.33
.30

[.24, .41]
[.24, .37]

<.0001
<.0001

.04
.04

96
36

42
17

.35
.27

[.29, .41]
[.19, .35]

.34
.26

[.28, .39]
[.19, .34]

<.0001
<.0001

.04
.02

93

35

.34

[.28, .40]

.33

[.27, .38]

<.0001

.03
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Non-verbal
27
12
.30
[.17, .42]
.29
[.17, .40] <.0001 .03
Language
English
91
33
.33
[.26, .40]
.32
[.25, .38] <.0001 .04
Not English
44
17
.34
[.26, .41]
.33
[.25, .39] <.0001 .02
Writing System
Alphabetic
128
45
.32
[.27, .38]
.31
[.26, .36] <.0001 .03
*Non-Alphabetic
7
5
.40
[.23, .58]
.38
[.23, .52]
.003
.02
Orthographic Depth
More Transparent
33
11
.30
[.21, .39]
.29
[.21, .37] <.0001 .01
Less Transparent
95
34
.33
[.26, .39]
.32
[.25, .37] <.0001 .04
Gender
(above or below median = .50)
Below
40
21
.34
[.26, .42]
.33
[.25, .40] <.0001 .04
Above
92
31
.34
[.27, .41]
.33
[.26, .39] <.0001 .03
Ability Status
Typical
105
38
.31
[.25, .38]
.30
[.24, .36] <.0001 .04
Mixed-ability
30
13
.35
[.27, .43]
.34
[.26, .41] <.0001 .01
Study Design
Comparison Groups
10
4
.22
[.00, .45]
.22
[.00, .42] .0494
.00
Correlational
87
36
.37
[.31, 44]
.35
[.30, 1.0] <.0001 .04
(Concurrent)
*Cross-sectional
6
2
.19
[–1.0, 1.0]
.19
[–.76, .76]
.59
.17
Longitudinal
32
8
.20
[.10, .29]
.20
[.10, .28]
.002
.01
Publication Status
Published
115
40
.30
[.24, .37]
.29
[.24, .35] <.0001 .01
Unpublished
20
10
.39
[.24 .57]
.37
[.24, .52] <.0001 .06
Journal Cite Score
(above or below median = 2.80)
Below
50
21
.30
[.24, .36]
.29
[.24, .35] <.0001 .01
Above/equal
57
18
.34
[.24, .43]
.33
[.24, .41] <.0001 .04
Circulation Year
1996-2009
44
14
.39
[.31, .48]
.37
[.30, .45] <.0001 .02
2010-2018
91
36
.30
[.24, .37]
.29
[.24, .35] <.0001 .03
Country/region
USA
49
23
.31
[.22, .40]
.30
[.22, .38] <.0001 .04
Outside USA
86
27
.35
[.28, .41]
.34
[.27, .39] <.0001 .02
*Note: Meta-analytic correlations with df < 4 are considered unreliable estimates. All studies with the exception of
those otherwise noted had df > 4. WM = Updating / Working memory; TS = Task-switching; IC = Inhibitory control

Executive Functions
A meta-analysis was conducted to examine the association between aspects of EF and
decoding (k = number effect size estimates = 135, m = number of studies = 50). A categorical
moderating variable for EF component (updating / working memory, task-switching, inhibitory
control) was entered into the model. Results did not reveal a significant moderating effect with
the omnibus F-test providing no evidence that the covariate indicating the EF type measured was
not significant, F(2, 19.4) = .05, p = .95. Heterogeneity indices did not notably differ from the
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null model, suggesting there was still significant residual heterogeneity, QE(132) = 658.42, p <
.001, I2 (%) = 78.62, τ² = .03, τ = .18. These findings suggest that the type of EF component
measured did not significantly influence the associations found.
Updating / working memory. A meta-analysis examining the overall association
between updating / working memory tasks and decoding (k = 82, m = 36) was conducted. There
appeared to be heterogeneity of effect sizes of the included studies as indicated by a significant
statistic in the test for heterogeneity, QE(81) = 422.86, p < .001, I2(%) = 77.77, τ² = .03, τ = .18.
The type of decoding task (word reading = 0, nonword decoding = 1) was not found to moderate
this association, F(1, 17.4) = .41, p = .53. The mean effect size of the association between
working memory and decoding task performance was moderate, z = .32 and significant, 95% CI
[.26, .39], SE = .03, t = 10.4, p < .001.
Task-switching. We then conducted a meta-analysis to examine the overall association
between task-switching and decoding (k = 23, m = 13). There appeared to be heterogeneity of
effect sizes of the included studies as indicated by a significant statistic in the test for
heterogeneity, QE(22) = 53.34, p < .001, I2(%) = 55.20, τ² = .01, τ = .09. The type of decoding
task did not appear to moderate this association, F(1, 5.69) = .40, p = .55. The mean effect size
of the association between task-switching and decoding was moderate, z = .28 and significant,
95% CI [.20, .36], SE = .04, t = 7.83, p < .001.
Inhibitory control. The overall association between inhibitory control and decoding (k =
30, m = 14) was examined using the same approach described above. There appeared to be
heterogeneity of effect sizes of the included studies as indicated by a significant Q-statistic in the
test for heterogeneity, QE(29) = 182.22, p < .001, I2(%) = 84.30, τ² = .03, τ = .18. The type of
decoding task did not appear to moderate this association, F(1, 3.78) = .32, p = .60. The mean
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effect size of the association between inhibitory control and decoding was also moderate, z = .33
and significant, 95% CI [.22, .44], SE = .05, t = 6.66, p < .001.
Decoding
A meta-analysis was conducted to examine the association between aspects of decoding
(nonword decoding and word reading) in relation to EF (k = 135, m = 50). A categorical rating
variable for the two types of decoding was entered into the model, with 0 indicating a task
involving nonword decoding and 1 indicating a task involving word reading. Results did not
reveal a significant moderating effect of type of decoding task, with the omnibus F-test
providing no evidence that the covariate indicating the task measured word reading (as opposed
to nonword decoding) was significant, F(1, 33.1) = .08, p = .78. Heterogeneity indices did not
notably differ from the null model, QE(133) = 634.81, p < .001, I2 (%) = 79.68, τ² = .03, τ = .17.
Nonword decoding. A meta-analysis examining the overall association between EF tasks
and nonword decoding tasks (k = 41, m = 22) was examined. There appeared to be heterogeneity
of effect sizes of the included studies as indicated by a significant Q-statistic in the test for
heterogeneity, QE(40) = 249.39, p < .001, I2(%) = 82.48, τ² = .04, τ = .21. The type of EF task
also did not appear to moderate this association, F(1, 6.71) = .08, p = .78. The mean effect size
of the association between EF and nonword decoding was significant and moderate, z = .34, 95%
CI [.24, .43], SE = .04, t(20.3)= 7.64, p < .001.
Word reading. The overall association between EF and word reading only (k = 94, m =
39) was examined. There was heterogeneity of effect sizes of the included studies, QE(93) =
385.42, p < .001, I2(%) = 76.19, τ² = .02, τ = .15. The type of EF task also did not appear to
moderate this association, F(1, 10.8) = .01, p = .93. The mean effect size of the association
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between EF and word reading was significant and moderate, z = .32, 95% CI [.26, .38], SE = .03,
t(36.3)= 11.4, p < .001.
Age
To examine age as a moderator, a sample’s mean age (in years) was grand-mean centered
and entered into the model as a continuous predictor (k = 124, m = 45). The mean effect size of
the association was also moderate and significant, z = .33, 95% CI [.28, .39], SE = .03, t(40.5)=
11.6, p < .001. Results did not reveal a significant moderating effect of type of decoding task,
with the omnibus F-test providing no evidence that the covariate of age was significant, F(1,
16.5) = .09, p = .77. Heterogeneity indices did not notably differ from the null model, QE(122) =
641.14, p < .001, I2 (%) = 80.80, τ² = .03, τ = .19. These findings suggest that the association did
not vary depending on the samples average age. The average correlation between EF and
decoding was z = .31 for younger (age 5 and under 9 years) and z = .34 for older children (age 9
to 15 years), see Table 7.3.
EF Stimulus Type
We then examined whether the stimulus type moderated the association between EF and
decoding (k = 132, m = 50). Stimulus type was coded as 0 = alphanumeric or 1 = nonalphanumeric. Results did not reveal a significant moderating effect of stimulus type, with the
omnibus F-test provided additional evidence that the moderator was significant, F(1, 21.4) =
2.07, p = .17. Residual heterogeneity was still present, QE(130) = 653.02, p < .001, I2 (%) =
81.00, τ² = .03, τ = .18. The lack of a significant effect of stimulus type suggests that the
presentation of the stimuli used in the EF task does not appear to directly influence the extent of
the association between EF and decoding. The mean effect size of the association between
decoding and EF tasks with alphanumeric stimuli was significant and moderate, z = .35, 95% CI
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[.29, .41], SE = .03, t(40.9)= 12.10, p < .001. For EF tasks with non-alphanumeric stimuli, the
association was significant, albeit weak, z = .27, 95% CI [.19, .35], SE = .04, t(14.8) = 7.11, p <
.001.
EF Response Modality
Next, we examined whether the response modality on the EF task moderated the
association between EF and decoding (k = 120, m = 40). Response modality was coded as 0 for
tasks requiring a verbal (e.g., read or otherwise spoken aloud) response or 1 for tasks involving a
non-verbal (e.g., pointing, key-press, or other tactical) response. Results did not reveal a
significant moderating effect of response modality, with the omnibus F-test provided additional
evidence that the moderator was significant, F(1, 14.9) = .31, p = .58. Residual heterogeneity
was still present, QE(118) = 506.19, p < .001, I2 (%) = 77.07, τ² = .03, τ = .17. These results
suggests that the response modality used in the EF task does not appear to directly influence the
extent of the association between EF and decoding; however, it may be important to note that
most effect sizes (k = 82) from the included samples used a verbal response modality as
compared to a non-verbal response modality (k = 27), while the remaining were no clearly
specified. The mean effect size of the association between decoding and EF tasks with a verbal
response modality was significant and moderate, z = .34, 95% CI [.28, .40], SE = .03, t(32.8)=
10.90, p < .001, while for EF tasks with non-verbal response modality, the association was
significant and weak, z = .30, 95% CI [.17, .42], SE = .06, t(10.5) = 5.31, p < .001.
Language
A binary variable indicating whether or not the effect size was derived from an English or
non-English speaking sample was entered as a moderator in order to examine whether or not
speaking a language other English accounted for significant variation in the association between
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EF and decoding (k = 135, m = 50). Language was coded as 0 denotes an English-speaking or 1
indicates a non-English-speaking. The omnibus F-test did not reveal a significant moderation,
F(1, 32.2) = .09, p = .75, suggesting that the association did not vary depending on whether or
not the task was administered to primarily English-speaking samples. Heterogeneity indices did
not notably differ from the null model, QE(133) = 630.58, p < .001, I2 (%) = 81.08, τ² = .03, τ =
.18. The mean effect size of the association between decoding and EF tasks for studies
administered in English to English-speaking samples of participants was moderate and, z = .33,
95% CI [.25, .40], SE = .03, t(30.9) = 9.38, p < .001, and for EF tasks administered in other
languages, the association was also moderate and significant, z = .34, 95% CI [.26, .41], SE =
.04, t(15.4)= 9.62, p < .001.
Writing System
Subsequently, whether the orthographic writing system would influence the associations
between EF and decoding was examined. The same issue of overrepresentation of Englishspeaking samples was apparent in the lack of variety of written languages in the sample. The vast
majority of the effect sizes were derived from studies conducted in linguistic contexts involving
alphabetic writing systems. To examine whether or not orthographic (writing) system accounted
for variation in the heterogeneity of effect sizes, a variable was entered that indicated whether or
not the effect size was derived from an alphabetic or non-alphabetic writing system (k = 135, m =
50). The variable for orthographic system was coded as 0 indicating an alphabetic writing system
used by the sample or 1 indicating a non-alphabetic writing system. The omnibus F-test
indicated that the moderator was not significant, F(1, 4.98) = 1.55, p = .27. For tasks
administered to readers of alphabetic languages, from which the vast majority of effect sizes
were drawn, there was a moderate association between EF and decoding, z = .32, 95% CI [.27,
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.38], SE = .03, t(42.3)= 11.7, p < .001. For tasks administered in non-alphabetic languages, the
effect size was moderate and significant, z = .40, 95% CI [.23, .58], SE = .06, t(3.88)= 6.46, p <
.001; however, taking into consideration the recommendations by Fisher and Tipton (2015), the
estimate is likely to be unstable given that the number of degrees of freedom is less than four,
and should therefore not be treated as a good estimate of the true effect.
Orthographic depth. The relative orthographic depth was then examined in the
alphabetic written languages (k = 128, m = 45). A categorical variable with three levels was
created to denote a relatively transparent (k = 18), a moderately transparent (k = 15), and a deep
(k = 95) orthography. The omnibus F-test indicated the moderator was not significant, F(1, 4.55)
= .30, p = .76. Furthermore, heterogeneity indices did not notably differ from the null model,
QE(125) = 560.96, p < .001, I2 (%) = 81.01, τ² = .03, τ = .18. The mean effect size of the
association between decoding and EF tasks for studies administered to readers of relatively
transparent orthographies (e.g., Danish, Dutch, German, Greek, Norwegian, Spanish, Turkish)
was significant and weak, z = .30, 95% CI [.21, .39], SE = .04, t(9.29) = 7.23, p < .001, and for
EF tasks administered to readers of written languages (e.g., English, French) with a deep
orthography, the association was significant and moderate, z = .33, 95% CI [.26, .39], SE = .03,
t(31.8)= 9.66, p < .001.
Proportion Female
A continuous variable was derived from the reported proportion of females within the
overall sample to examine whether the relative proportions of males to females within a sample
influenced the associations between EF and decoding (k = 132, m = 49). The omnibus F-test
revealed that the moderator was not significant, F(1, 13.8) = 1.09, p = .31, suggesting that the
relative proportion of females within the sample did not significantly influence the effect size
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estimates. Heterogeneity indices did not notably differ from the null model, QE(130) = 670.92, p
< .001, I2 (%) = 82.28, τ² = .04, τ = .19. The average of effect sizes drawn from samples both
above and below the median proportion of females in the overall meta-analytic sample (median =
.50) were moderate and significant with z = .34, 95% CI [.26, .42], SE = .04, t(19.4)= 8.80, p <
.001. The average effect size of estimates drawn from samples both above and below the median
proportion of females in the overall meta-analytic sample were moderate and significant with z =
.34. For samples with a proportion below the median, and z = .34, 95% CI [.27, .41], SE = .03,
t(29.0) = 9.83, p < .001, for samples with a proportion above the median.
Mixed Ability
While all of the samples from the included studies consisted of children and adolescents
that were not selectively recruited on the basis of a known clinical condition or learning
difficulty, quite a number of studies reported that the sample of participants included children
with learning difficulties or were at-risk as such (k = 135, m = 50). These studies with mixedability or with participants at-risk for a reading-specific learning difficulty were included in the
analyses. To examine whether there were differences in a typically developing versus a mixed
ability / at-risk sample, a variable was derived such that 0 indicated typically-developing and 1
indicated mixed ability / at-risk. The omnibus F-test did not reveal a significant effect of the
moderator, F(1, 19.2) = 1.47, p = .24. Heterogeneity indices did not notably differ from the null
model, QE(133) = 680.21, p < .001, I2 (%) = 82.04, τ² = .03, τ = .19. The average effect size of
estimates drawn from samples comprised of typically-developing participants was moderate and
significant, z = .31, 95% CI [.25, .38], SE = .03, t(36.6) = 9.99, p < .001. For samples comprised
of participants with mixed ability, the average effect size was also moderate and significant, z =
.35, 95% CI [.27, .43], SE = .04, t(10.8) = 9.37, p < .001.
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Moderation Analyses: Higher Order Effects
Next, the moderation of higher order interactions in accounting for variation in the
associations between EF and decoding was examined. The higher order interactions included age
with EF task type, age with stimulus type, and ability status with stimulus type.
Interaction of EF Components and Age
Sample age (in years), EF task type, and an interaction of the two, were entered
simultaneously into a meta-regression model (k = 124, m = 45). The omnibus F-test provided no
evidence that addition of these moderators was significant, F(1, 6.63) = .89, p = .54, and after
entering the covariates and interaction term, some residual heterogeneity was still present,
QE(122) = 641.14, p < .001, I2 (%) = 78.92, τ² = .04, τ = .20. However, when only effects from
the first occasion of measurement from the longitudinal studies were included in the analysis,
along with all other effect sizes, a trend emerged, and the small sample size correction was
relaxed, see Table 7.4.
Table 7.4
Moderation of EF and age (k = 104, m = 44)
Intercept
Working Memory (0)
Task-switching (0)
Age (continuous)
Working Memory * Age
I2 (%)
Residual τ²
Omnibus F(4, 12.5)

b
*** .32
.01
.01
.02
* –.05
78.61
.04
4.16

*p < .05, ***p < .001
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SE
.08
.07
.08
.02
.02

t
3.71
.20
.19
1.33
–2.18

95% CI
[.12, .52]
[–.15, .18]
[–.17, .19]
[–.01, .06]
[–.10, .00]

df
39
39
39
39
39
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Figure 7.3. Variation in the effect size between mean sample age and EF task type

When the interaction term for age and a task-switching paradigm was removed, clarity
regarding the significant effect emerged. The interaction of a variable indicating whether or not a
task was targeting working memory and sample age was significant, t(40) = –2.20, p = .03,
suggesting that the association between EF and decoding was more pronounced among older
children when a measure of working memory was administered, see Figure 7.3. The omnibus Ftest provided further evidence that addition of this moderators was marginally significant, F(1,
12.7) = 4.30, p = .06. For correlations between tasks of working memory and word reading, age
accounted for significant variation in effect size estimates, even when small sample size
corrections were applied, t(9.32) = 2.52, p = .03, while for correlations between tasks of working
memory and nonword reading, age did not, t(3.53) = .07, p = .95, see Figure 7.4. Significant
moderating effects of age were not found for the other components of EF and decoding
measures. These findings suggest that the age of the target population from which a study is
drawn may influence the association between updating / working memory task and decoding.
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Figure 7.4. Variation in the effect size between mean sample age and EF task type and word/nonword reading tasks.

Interaction of EF Stimulus Type and Age
The interaction of sample age (in years) and EF stimulus type (alphanumeric or nonalphanumeric) was examined as a variable that moderated the association between EF and
decoding (k = 120, m = 45). Results indicated a significant moderating effect of the interaction
between sample age and stimulus type, t(5.90) = –2.53, p < .05. Given these parameters, the
omnibus F-test provided evidence that addition of these moderators was significant, F(3, 8.55)
=7.02, p = .01. After entering the covariates and interaction term, some residual heterogeneity
was still present, QE(116) = 570.96, p < .001, I2 (%) = 79.17, τ² = .03, τ = .18, see Table 7.5 and
Figure 7.5. For tasks with non-alphanumeric stimuli, the association between EF and decoding
decreased with age, t(3.1) = –3.99, p = .03; for tasks with alphanumeric stimuli, the opposite
trend was not statistically significant, t(14.2) = –.01, p = .99.
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Table 7.5
Moderation of EF task stimulus and age
Intercept
Alphanumeric (0)
Age (continuous)
Alphanumeric * Age

b
.29
.38
.01
* –.05

I2 (%)
Residual τ²
Omnibus F(3, 8.6)

79.17
.03
7.02

SE
.15
.22
.01
.02

t
1.92
1.78
.49
–2.53

95% CI
[–.03, .61]
[–.13, .89]
[–.02, .04]
[–.10, –.001]

df
15.6
6.9
15.1
5.75

*p < .05

Figure 7.5. Variation in the effect size between mean sample age and EF task stimuli

Interaction of EF Response Modality and Age
The interaction of sample age (in years) and EF response modality (verbal/spoken or nonverbal/not spoken) was examined as a variable that moderated the association between EF and
decoding (k = 116, m = 42). Results did not indicate a significant moderating effect of the
interaction between sample age and response modality, although it was trending towards
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significance, t(4.6) = –2.53, p = .06, with the results of an omnibus F-test concurring, F(3, 5.25)
= 5.21, p = .05. After entering the covariates and interaction term, some residual heterogeneity
was still present, QE(112) = 435.87, p < .001, I2 (%) = 73.15, τ² = .03, τ = .16. However, when
only effects from the first occasion of measurement from the longitudinal studies were included
in the analysis, along with all other effect sizes, the interaction was significant, t(4.44) = –2.80, p
= .04. Though further analyses did not confirm that either trend was significant, this finding may
suggest that for EF tasks with a verbal/spoken response modality, the association between EF
and decoding decreased with time, while the opposite trend for non-verbal tasks could be
presumed.
Interaction of Mixed Ability Status and Decoding Task
Ability status (coded 0 for typically-developing and 1 for mixed-ability), and decoding
task type (coded 0 for nonword decoding and 1 for word reading), and an interaction of the two,
were entered simultaneously into the model (k = 131, m = 50). Results trended towards a
significant moderating effect of the interaction, t(15.84) = 1.74, p = .10, see Table 7.6; Figure
7.6. These findings suggest that compared to mostly homogenous samples of typicallydeveloping children, samples with children having mixed-abilities tended to perform below
typically-developing peers on tasks measuring nonword decoding, though performed
approximately as well on word reading tasks. The omnibus F-test did not provide evidence that
the addition of the three moderating terms significantly accounted for heterogeneity of effect size
estimates, F(3, 15.9) = 1.65, p = .22; however, heterogeneity indices appeared smaller in
comparison to the null model, QE(127) = 552.44, p < .001, I2 (%) = 77.25, τ² = .03, τ = .16.
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Table 7.6
Moderation of ability status and decoding task
Intercept
Decoding Task (nonword decoding = 0)
Ability Status (typically developing = 0)
Decoding Task * Ability Status

b
*** .36
–.06
–.06
.16

I2 (%)
Residual τ²
Omnibus F(3, 15.9)

SE
.06
.08
.07
.09

t
5.99
–.69
–.89
1.74

95% CI
[.23, .49]
[–.23, .13]
[–.19, .08]
[–.03, –.35]

df
12.8
9.2
23.5
15.8

77.25
.03
1.65

*p < .05, **p < .01, ***p < .001

Figure 7.6. Bar graph showing the average effect size for mixed ability and typically developing samples plotted by
decoding task type (error bars show +/– 1 average standard error unit).

Controlling for Study and Manuscript Characteristics
Whether certain characteristics of the study or manuscript accounted for variation in the
effect size estimates was subsequently examined. Table 7.7 provides information on the metaregression for each estimate.
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Table 7.7
Meta-regression with study and manuscript characteristics
Measures
Study Design
(0=Correlational (Concurrent), 1=Other)
Publication Status
(0=Published, 1=Unpublished)
Journal Cite Score 2017(continuous)
Circulation Year (continuous)
Country/region of Data Collection
(0=USA, 1=Outside USA)

b

SE

t

95% CI

pvalue

*** –.16

.04

–3.32

[–.26, –.06]

<.01

.09
.02
–.01

.08
.03
.00

1.05
.85
–1.29

[–.09, .26]
[–.04, .08]
[–.01, .00]

.31
.41
.22

.04

.05

.77

[–.07, .15]

.44

***p < .001

Study Design
To ensure that factors associated with the study design did not have a systematic
influence over the effect size estimates, a variable coding for study design (correlational
(concurrent), comparison groups, cross-sectional, and longitudinal) was entered into the model (k
= 135, m = 50). The variable was coded as a dichotomously such that 0 indicated a correlational
(concurrent) design, and 1 indicated any other design type. The omnibus F-test provided
evidence that the covariate indicating the study design type coded in this manner was significant,
F(1, 23.0) = 9.01, p = .006, suggesting that correlational (concurrent) designs were associated
with the effect size, t(23.0) = –3.00, SE = .04, 95% CI [–.23, –.04]. Heterogeneity indices did not
notably differ from the null model, suggesting there was still significant residual heterogeneity,
QE(129) = 599.74, p < .001, I2(%) = 81.44, τ² = .03, τ = .18. The overall meta-analytic effect size
of the association between EF and decoding for the different study designs ranged between rz =
.20 to .37, see Table 7.3 for additional information. These findings suggest that correlational
(concurrent) study designs tended to have significantly greater effect size estimates than those
extracted from other study designs.
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Publication Status
We then examined whether differences in effect-sizes could be accounted for with the
inclusion of a dichotomous variable denoting whether or not the effect size came from a
published study (k = 135, m = 50). A dichotomous variable was entered as a moderator, with 0
coding for published studies, and 1 coding for unpublished studies (e.g., dissertations, conference
abstracts, and unpublished manuscripts). The omnibus F-test provided no evidence that the
covariate indicating the study publication status was significant, F(1, 12.7) = 1.10, p = .31.
Heterogeneity indices did not notably differ from the null model, suggesting there was still
significant residual heterogeneity, QE(133) = 634.55, p < .001, I2(%) = 80.53, τ² = .03, τ = .18.
The average effect size for the association between EF and decoding for published studies was z
= .31, 95% CI [.26, .36], SE = .03, t(37.4) = 12.3, p < .001, for unpublished studies it was z = .39,
95% CI [.22, .57], SE = .08, t(8.83)= 5.13, p < .001. Although unpublished studies had on
average a larger effect size estimate and appeared to have greater heterogeneity of estimates,
these findings do not indicate that publication status accounted for differences in the effect size
estimates.
Journal Cite Score
Whether the impact factor of the journal accounted for differences in effect size estimates
for published studies was examined (k = 107, m = 39). The journal cite score for 2017 was
retrieved from Scopus and entered into the model as a continuous covariate. The omnibus F-test
provided no evidence that the covariate indicating the journal citation score was significant, F(1,
12.4) = .72, p = .41. Heterogeneity indices did not notably differ from the null model, suggesting
there was still significant residual heterogeneity, QE(105) = 477.77, p < .001, I2(%) = 79.83, τ² =
.03, τ = .17. The average effect size for published studies above the median cite score (median =
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2.80) was z = .34, SE = .04, 95% CI [.24, .42], t(16.4) = 7.68, p < .001, for published studies in a
journal with a cite score below the median, the average effect size was z = .30, SE = .03, 95% CI
[.24, .36], t(18.3) = 10.2, p < .001. These findings suggest that publication status likely did not
account for differences in the associations.
Circulation Year
The year of circulation was entered as a continuous covariate (k = 135, m = 50). The year
in which studies were circulated consisted of the year of publication in the case of a published
study, the year of defense in the case of a dissertation, or the year of presentation for conference
presentations. In the case of unpublished manuscripts, the year of 2018 was entered as the
circulation year. The omnibus F-test provided no evidence that the year of circulation was
significant, F(1, 13.5) = 1.66, p = .22. Heterogeneity indices did not notably differ from the null
model, suggesting there was still significant residual heterogeneity, QE(133) = 664.99, p < .001,
I2(%) = 81.05, τ² = .03, τ = .18. The average effect size for studies which were first circulated
between 1996 to 2009 was z = .39, SE = .04, 95% CI [.31, .48], t(12.5) = 9.74, p < .001. For
studies which were circulated between 2010 to 2018, the average effect size was z = .39, SE =
.03, 95% CI [.24, .37], t(33.5) = 9.85, p < .001. These results suggest that circulation year
probably did not account for variation in effect size estimates.
Country/region of Data Collection
The country or region of data collection was entered as a moderator (k = 135, m = 50).
Given that a large volume of effect sizes from studies gathered from the systematic review
involved data collected within the United States of America (k = 49), analyses were run to
examine whether systematic differences in effect sizes could be attributable to whether or not the
study data was collected either within or outside of the U.S.A. Studies with data collected from
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within the U.S.A. were coded as 0 while studies with data collected outside the U.S. were coded
as 1. The omnibus F-test provided no evidence that the moderation was significant, F(1, 44.5) =
.60, p = .44. Heterogeneity indices did not notably differ from the null model, suggesting there
was still significant residual heterogeneity, QE(133) = 649.31, p < .001, I2(%) = 80.42, τ² = .03, τ
= .18. The average effect size for studies with data collected in the USA was z = .31, SE = .04,
95% CI [.22, .40], t(21.0) = 7.27, p < .001. For studies with data collected outside the USA, the
average effect size was z = .35, SE = .03, 95% CI [.28, .41], t(11.3) = 11.3, p < .001. Thus, the
country/region of data collection was not likely to influence differences in the effect size
estimates.
Chapter Summary
The results of the study are presented in this chapter. The findings suggest that there is
remarkable stability in the associations between decoding and EF such that the selected
moderators do not appear to significantly account for variance in the reported effect size
estimates. In most cases, the average effect size estimate was small-to-moderate and significant,
regardless of the level of the moderator (i.e., EF task, decoding task, stimulus type of EF task,
sample age or proportion female/male, language, and writing system). While moderators were
not significant, several higher order interactions were found to be significant in accounting for
variance in the effect size estimates. Notably, there was a significant interaction of EF
component measured and mean sample age. An interaction term for EF task stimuli
(alphanumeric or non-alphanumeric) and mean sample age was also significant. Finally, an
interaction term for mixed ability sample and decoding task type was also found to be
significant.
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Study and manuscript characteristics (i.e., study design, publication status, journal cite
score, circulation year, and country/region of data collection) were also entered as moderators to
control for any bias they may have introduced. Study design was found to significantly explain
variation in effect size estimates, with correlational (concurrent) studies producing on average
lower effect size estimates than studies with longitudinal, cross-section, or cohort designs. The
implications of these findings are discussed in the chapter which follows.
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CHAPTER EIGHT
DISCUSSION
In the past 20 or so years, there has been a rapid increase in the number of studies
examining executive functions (EF) and their relation to academic achievement skills. The rise in
interest is largely buoyed by arguments that individual differences in EF explain critical variation
in academic success, notably in areas such as reading (Sesma, Mahone, Levine, Eason, &
Cutting 2009). Previous synthetic reviews and meta-analyses have made great strides to capture
information about the associations between EF and academic achievement (Burns et al., 2016;
Jacob & Parkinson, 2015), and more specifically, aspects of EF and reading (Butterfuss &
Kendeou, 2018; Follmer, 2018; Peng et al., 2018; Melby-Lervåg, Redick, & Hulme, 2016). The
findings from this analysis contribute to these earlier investigations of the topic by examining the
association between EF and decoding, and in particular, the extent to which certain factors may
explain variation in this association. Taken together, the findings from this meta-analysis indicate
that there is a moderate and unconditional association between executive function skills and
decoding. By and large, the selected variables did not account for significant variation in effect
size estimates. This finding is generally consistent with previous meta-analyses examining
aspects of EF and academic skills, such as reading (Jacob & Parkinson, 2015; Peng et al., 2018;
Yeniad et al., 2013), yet diverge from the findings from other recent meta-analysis (Follmer,
2018) for several important reasons.
Contrary to the previous meta-analysis conducted by Follmer (2018), which investigated
associations between EF and reading comprehension, the results of the present meta-analysis did
not reveal that EF type significantly moderated the association in question. There are several
possible explanations for this discrepancy. Firstly, the present meta-analysis examined
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associations between decoding rather than reading comprehension, arguably a skill that has a
slightly different set of cognitive and linguistic demands. Secondly, indirect measures of EF
were not included, and instead opted for only direct measures. Thirdly, measures of EF which
could not be categorized as updating/working memory, task-switching, or inhibitory control were
not included. Such measures would have included those assessing planning, monitoring, or other
skill sets. Fourthly, the present study used a more conservative approach in interpreting the
results of moderator analyses that had fewer than the recommended number of degrees of
freedom (see Fisher & Tipton, 2014). Follmer (2018) reports moderation analyses that do not
appear to account for small sample correction, though the analysis is arguably dealing with a
small sample size (m < 70). Instead, the study reports an uncorrected moderation with only four
degrees of freedom. With so few degrees of freedom, the effect of the moderation may in fact be
unstable. Instead, our results appear to suggest that EF, either viewed with respect to separable
constructs (i.e., updating/working memory, task-switching, and inhibitory control), or viewed as
a unitary construct across all stable estimates of the moderators (see Table 7.3), has an average
meta-analytic correlation between rz = .20 to .37 with decoding skills. Such findings suggest that
when correlated with decoding, arguably a far transfer task (see Melby-Lervåg et al., 2016), a
framework of EF that stresses the unity (e.g., Kane & Engle, 2002; Kovacs & Conway, 2016;
Norman & Shallice, 1986), as opposed to divergence (e.g., Miyake et al., 2000; Wongupparaj,
Kumari, Morris, 2015) of functions, may be just as effective in explaining individual differences.
In other words, the different aspects of EF are accounting for the same sources of variability in
decoding performance. Associations did not appear to significantly differ by EF construct when
examined across the entire sample, and all were significant and weak-to-moderate, with decoding
associated with updating/working memory, rz = .31 [95% CI: .25, .37], inhibitory control, rz =
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.32 [95% CI: .22, .41], and task-switching, rz = .27 [95% CI: .20, .34]. There was, however, a
higher order interaction of updating/working memory with age. The implications of this finding
are discussed in a section that follows.
In a similar vein, the results of this meta-analysis do not lend support for the separability
of decoding when examining its association to EF. According to the dual route cascading model
(Coltheart, 2006), words and nonwords are independently processed by lexical and non-lexical
systems. With this framework in mind, one might reasonably expect that greater EF would be
required to process unfamiliar words, particularly those from deep orthographies. According to
Berninger and Nagy (2008), when the associations between grapheme-phoneme correspondence
rules are complex, especially in the case of orthographically opaque languages, EF should be
significantly associated with word reading. Our findings do not support this prediction. Rather,
we found that associations between decoding and EF were not moderated by decoding task type,
thus suggesting that the associations between nonword decoding and word reading with EF tasks
were not significantly different. For nonword decoding tasks, the correlation with EF task was rz
= .32 [95% CI: .24, .41], while for word reading tasks, the correlation with EF was rz = .31 [95%
CI: .25, .36]. Some research has also found that performance measures of processing of words
and nonwords among children (N = 361) between the ages of 7.5 to 9.5 years are so highly
correlated that they are effectively inseparable (Shankweiler et al., 1999). This may partly
explain why differences were not found in our meta-analytic sample.
Other moderating variables also did not account for variation in effect sizes in moderate
analyses producing stable estimates. These included sample age, stimulus type in EF task
(alphanumeric rz = .34 [95% CI: .28, .39], non-alphanumeric rz = .26 [95% CI: .19, .34]),
response modality in EF task (verbal/spoken rz = .33 [95% CI: .27, .38], non-verbal/not-spoken rz
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= .29 [95% CI: .17, .40]), language (English rz = .32 [95% CI: .25, .38], non-English rz = .33
[95% CI: .25, .39]), orthographic depth (more transparent rz = .29 [95% CI: .21, .37], less
transparent rz = .32 [95% CI: .25, .37]), gender (proportion female below 50% rz = .33 [95% CI:
.25, .40], proportion female above or equal to 50% rz = .33 [95% CI: .26, .39]), ability status
(typically developing rz = .30 [95% CI: .24, .36], mixed-ability rz = .34 [95% CI: .26, .41]).
The control variables in general did not influence the effect sizes either, with the
exception of study design. Publication status (published rz = .29 [95% CI: .24, .35], unpublished
rz = .37 [95% CI: .24, .52]), journal citation score (2017 cite score below median of 2.80 rz = .29
[95% CI: .24, .35], 2017 cite score above or equal to median of 2.80 rz = .32 [95% CI: .25, .38]),
circulation year (rz = .32 [95% CI: .24, .41]), and country/region of data collection (within USA
rz = .30 [95% CI: .22, .38], outside of USA rz = .34 [95% CI: .27, .39]) did not account for any
significant variation in effect size estimates. In contrast, study design did. The moderation
suggested that effect size estimates were on average lower for correlational (concurrent) studies,
see Table 7.7. However, it should also be noted that there was considerably less variation in
effect size in such estimates, see Table 7.3. These findings may be a product of the greater rigor
taken to control for confounds in correlational (concurrent) studies, with less caution taken in
designs where correlational (concurrent) results were not a main focus of the research questions
and were merely reported with descriptive statistics or preliminary analyses.
In addition to the main effects of the moderating variables entered into the metaregression models, interaction effects were tested. The results revealed a significant interaction
between age and EF task type contrasting updating/working memory tasks with other aspects of
EF. The association between EF and decoding was more pronounced among older children than
younger children on a measure of updating/working memory. These findings are inconsistent
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with previous research on fifth grade students (N = 93), showing a close association between
direct measurements of updating/working memory and reading, while inhibitory control and
planning appear to be more closely linked with academic abilities other than reading, such as
math (Gerst, Cirino, Fletcher, & Yoshida, 2017).
Previous studies have found that there are notable changes in specific EF components
during childhood and adolescence, and thus, age-related changes in the association between EF
and decoding might be expected. Findings from brain imaging research provide evidence that
updating/working memory functions improve with age from early to later childhood (Gathercole,
Pickering, Ambridge, & Wearing, 2004), and from younger to later adulthood (Proskovec,
Heinrichs‐Graham, & Wilson, 2016). Inhibitory control, for example, appears to change across
childhood and adolescence as evidenced in a sample (N = 99) of Spanish-speaking participants
between ages 6 to 17 years. Interference costs as measured by the Stroop task appeared to
increase and then gradually decrease into later adolescence; however, when word reading
abilities are accounted for, a linear association between inhibitory control across a developmental
course of time from childhood into adolescence (Leon-Carrion, García-Orza, & PérezSantamaría, 2004). In our study, we noticed a slight and gradual increase in the association
between scores on updating/working memory tasks and decoding across time, while the
association between scores on the inhibitory control measures and decoding appeared to
gradually decrease. With increases in age, the association between EF and decoding appeared to
remain largely stable or slightly decrease in strength; however, there were considerably fewer
effect sizes estimate derived from task-switching measures, and thus this observation should be
made with caution. Particularly in light of prior meta-analyses (N = 2,266) of children between
about 6 to 10 years, which did not find a significant moderation of age on the association
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between task-switching and reading, it is relatively stable across development (Yeniad et al.,
2013).
The mean age of the sample also appeared to produce a higher order interaction with the
stimulus type of the EF task. Stimulus type was categorized as either alphanumeric (e.g., digits,
letters, and words) or non-alphanumeric (e.g., colors, pictures, and shapes). For effect sizes
drawn from measures of EF that used alphanumeric stimuli, the association appeared to
strengthen with age. This finding is perhaps not surprising given that skill in reading generally
improves with age, and as the child becomes more skilled, their efficiency in processing textbased information may also increase (Bisanz, Das, & Mancini, 1984). Previous findings indicate
that young kindergarten children tend to perform more poorly on verbal as opposed to non-verbal
tasks (Foy & Mann, 2012). In contrast, when the EF task consisted of non-alphanumeric stimuli,
the strength of the association between EF and decoding decreased with age. Cowan, Ricker,
Clark, Hinrichs, and Glass (2015) present evidence to suggest that experience alone does not
account for differences in children’s working memory capacity. However, while general changes
in EF appear to be related to age (as also evidenced by the previously addressed higher order
interaction), this association is likely to be at least partly related to experience and familiarity
with text stimuli. Associations between EF and decoding were generally stronger for tasks that
utilized non-alphanumeric stimuli within samples that were under age 8. In contrast, for samples
older than age 8, the association strengthens for tasks that utilized alphanumeric stimuli. This age
also corresponds with known changes in typical reading development, which provide a
framework that emphasizes the familiarization of text by approximately grade 3 or 4 and around
the age of 8 years old (see Chall, 1976; Ehri, 1995). Whether this improvement is largely due to
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experience, or simply due to other factors associated with maturation and overall improvement,
remains in question, though these findings suggest that experience matters.
Decoding task type (i.e., word decoding or word reading) and ability status of the sample
(i.e., either typically developing or mixed ability) were found to produce a significant higher
order interaction that influenced the strength of the associations between EF and decoding. The
strength of the association between EF tasks and decoding within mixed-ability samples
appeared to be greater in word reading tasks, and not as strong as in the case of nonword reading
tasks. For samples that were described as homogeneously typically developing, the opposite
pattern was observed, with the strength of the association between EF and decoding greater when
non-alphabetic as opposed to alphabetic stimuli was used in the EF task. While the variable
coding for ability status is arguably an oversimplification of factors that result in a complex set
of individual differences affecting reading ability, these findings may speak to certain patterns
that are consistent with previous research findings. Many children who have difficulties learning
to read struggle with phonological processes that affect their ability to map letter-sound
associations (Snowling, 1995; Torgesen, 2018; Wagner & Torgeson, 1987). However, memory
for familiar words, or “sight word reading,” may be largely unimpaired (Nation & Snowling,
1998). It might therefore be reasonable to expect that adequate experience and exposure to a
wide variety of words would result in typical encoding and recall at the level of morphology,
even in light of phonological processing difficulties. The effect may also be compensated by
normal or enhanced EF skills (Brosnan et al., 2002), thus serving to moderate this relation. In
contrast, among typically developing children, the differences in the association between EF and
decoding when different decoding tasks are used is less substantial. Enhanced EF is associated
with more efficient processing in the context of unfamiliar linguistic stimuli (see Bialystok,
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Barac, Blaye, & Poulin-Dubois, 2010; Carlson & Meltzoff, 2008), though it becomes less
influential when germane knowledge facilitates the process of familiar linguistic stimuli.
Implications
There has been recent interest in the role of EF and its various components in relation to
reading comprehension (see Butterfuss & Kendeou, 2018; Follmer, 2018; Peng et al., 2018). Few
studies have comprehensively examined its association with decoding skills. The role of
decoding, which is essential for effortless and fluent reading (Pikulski & Chard, 2005), is also
related to reading abilities, among children who struggle with learning to read (Gough &
Tunmer, 1986; Shankweiler et al., 1999), as well as typically developing readers (Perfetti &
Hogaboam, 1975).
The present findings may have implications for interventions to promote reading
acquisition by way of a better understanding of its association to EF. Prior meta-analyses
examining associations between EF interventions and academic skills have largely failed to
establish a significant and causal association. Jacob and Parkinson (2015) conducted a metaanalysis looking at the relation between EF skills interventions with math and reading
competencies among children between 3 to 18 years of age. Since the meta-analysis was
published, several recent studies have pointed towards the possibility of effective EF
interventions on academic skill development. Dias and Seabra (2017) developed and conducted a
randomized controlled trial study to test the efficacy of an intervention targeting EF among
Portuguese-speaking children in Brazil. The study was designed to test effects of the intervention
on behavior and academic achievement, which were assessed in EF (measured with parent and
teacher behavioral ratings), reading and arithmetic tests, and determining whether benefits
persisted in a one-year follow-up. Results of the study indicated that children assigned to the EF
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group performed better on a posttest than children assigned to the control group, and that
improvements persisted even after a one-year follow-up.
In another intervention study, Cirino and colleagues (2017) examined associations
between the efficacy of an EF plus self-regulated learning intervention designed to support
reading comprehension among fourth graders (N = 75). The researchers compared the
performance outcomes of children randomly assigned to a condition that received either textbased reading instruction or received the text-based reading instruction and EF training, or were
assigned to a no-treatment control group. The results suggested that children in both treatment
conditions outperformed children in the control group on reading of proximal text; however,
performance differences were not significant between the two treatment conditions. Such
findings generally point towards the difficulty in separating EF from aspects of good contentarea instruction. One shortcoming of this study is that training in EF and self-regulated learning
were not examined as a separate condition to determine whether there were in fact no significant
benefits associated with this type of training at all. These studies point towards the challenges in
identifying which aspects of EF to target for effective interventions. In the present meta-analysis,
it was revealed that EF did not differ by which component was measured, age, or properties of
the measurement. Thus, the first step is identifying which aspects of EF are likely to co-vary with
specific academic skills, such as reading.
While intervention study findings have yielded conflicting conclusions about the
effectiveness of training EF and transfer to reading skills, some evidence suggests that EF may
indirectly influence the development of reading-related skills. Ribner and colleagues (2017)
found longitudinal associations between EF and children’s reading achievement among a sample
of children growing up in low-income rural circumstances. EF measured at age 5 was found to
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predict reading and math achievement in grade 5, with some findings indicating that higher EF
provided a buffer against lower initial math performance as evidenced by an interaction term.
However, the interaction between lower initial literacy and initial EF, measured at age 5, did not
significantly predict differences in grade 5 reading achievement. Though EF has been found to
correlate with reading abilities, the utility in using measures of EF as an early diagnostic for
whether or not children will respond successfully to a reading intervention remains in question
(Miciak, Cirino, Ahmed, Reid, & Vaughn, 2019). Nevertheless, there is evidence to suggest that
assessing and targeting EF early in the course of development may still produce long-term
benefits, including social and economic advantages (Diamond, 2016). These findings reveal the
limitations in EF in relation to reading achievement, though also suggest that the area warrants
further research to untangle this complicated, unconditional association that is yet evidenced by
this meta-analysis.
Several gaps in the literature became more apparent in the process of conducting the
meta-analysis. Of those included studies, relatively few (m = 4) focused on adolescents between
ages 13 and 18 years old, while the majority (m = 40) concentrated on children in middle and late
childhood, between 6 and 12 years of age. While the development of reading skills in the earlier
years of formal schooling is considered essential for academic achievement, reading difficulties
in adolescence exist as well. Decoding is often viewed as a requisite skill of reading acquisition
in the early stages of reading. The findings from this current study suggest that its influence
remains relatively stable into later childhood and adolescence. Based on the results of the pilot
study conducted with a sample of low-SES and predominantly Spanish-English speaking
adolescents, there is reason to believe that decoding skills influence reading comprehension well
beyond early literacy years. The findings from this earlier study suggest that aspects of EF,
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particularly task-switching and inhibitory control, each account for unique variance in decoding,
and working memory maintains a direct association with reading comprehension, even after
accounting for the significant indirect association by way of nonword decoding. These findings
suggest that there is an association between EF and reading skills that remains persistent into
adolescence; however, more research using randomized controlled methodologies is necessary to
establish whether this association is indeed causal.
Similarly, few studies (m = 3) examined reading acquisition in an early childhood sample
below the age of 6 years. During the early childhood years, there may be opportunities for early
intervention and thus understanding how EF and decoding in the pre-literacy years may serve as
the basis of interventions that target reading difficulties. However, given the relative scarcity of
studies focusing on these age groups, further research should be conducted to examine whether
decoding remains a critically influential factor in early childhood, as well as adolescent and adult
reading achievement. Taken together, these findings suggest that individual differences in
literacy may be accounted for by general and specific components of EF. By studying the
association between EF and reading, particularly with respect to decoding skills, further
knowledge will be generated, which may inform better and more effective reading interventions
and instructional practices.
Limitations
As in the case of most meta-analyses, there are several possible limitations that arise due
to certain factors. For one, given the correlational (concurrent) nature of this investigation, there
are limitations in inferring causality between constructs. With any correlational study, there
remains the possibility of a “third variable problem”; that is, that even though we have attempted
to account for additional variation by examining moderators, other factors related to reading
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abilities (e.g., alphabetic knowledge, phonological awareness, vocabulary knowledge, etc.),
cognitive skills (e.g., fluid intelligence, processing speed, etc.), or environment (e.g., quality of
reading instruction, etc.), among other factors, may still better explain differences in effect sizes,
and possibly even directionally so.
Despite our greatest efforts to include all relevant empirical research, it remains possible
that studies were missed, or perhaps were not accessible to us. While our analyses would suggest
that there was not an apparent effect of the publication bias, it is still possible there was one.
Additionally, the vast majority of the studies were non-experimental, and as such, causality of
the associations between EF and decoding cannot be inferred.
In addition to problems in retrieving literature, problems of measurement of the outcomes
are persistent in the field of EF research (Miyake & Friedman, 2012), likely attenuating the
associations between EF and decoding. Thus, the issue of improper measurement, and the
subsequent inappropriate analysis of data, always presents the possibility of a “garbage in,
garbage out” problem. However, with such a large number of studies and participants, and such
low p-values for the included effect size estimates in most cases, and with such apparent lack of
heterogeneity between effect sizes, it seems unlikely that there is much variation at all. On the
other hand, the lack of information on reliability estimates reported for the EF measures presents
a problem and may suggest that the true association between EF and measures of other
constructs may potentially be overreported in these data. As it has been previously noted by
Miyake and colleagues (2000), EF measures are plagued with problems of relatively low internal
consistency (see Denckla, 1996; Rabbitt, 1997), and thus this presents a real challenge in any
meta-analysis involving EF measures.
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Related to the issue of measurement is the issue in the variety in operational definitions
of EF. While this synthesis focused primarily on three EF components (updating / working
memory, task-switching, and inhibitory control), it may be useful to also understand how higherlevel EFs, such as planning and monitoring, also relate to reading processes. The specific factor
structure of EF is subject to debate, with several valid reconsiderations of the frequently cited
three-fold “unity and diversity” framework of EF used in this study (Miyake & Friedman, 2012),
particularly as it develops over the lifespan from in infancy (Johansson, Marciszko, Brocki, &
Bohlin, 2016) and adolescence into adulthood (Friedman et al., 2016). Nevertheless, the
popularity of the presently used model serves as a practical framework for intelligibly
synthesizing the vast literature in this area.
Another limitation of this study was that despite the relatively large sample size, there
simply were not enough cases for analyses with certain moderators to be conducted properly. In
particular, the vast majority of studies were conducted with participants who would be most
likely learning an alphabetic language. This issue is likely a product of the scarcity of literature
conducted on this topic with individuals who read and write non-alphabetic languages. Another
possible factor which could have made such articles inaccessible during the systematic review
process was that they were not published in English, which was one of the criteria for inclusion
in the systematic review. The scarcity of other forms of correlational (concurrent) studies, in
particular, cross-sectional studies may also present problems. Correlational studies using
concurrent measures only appear to produce a significantly lower overall correlation. One
possible explanation for this effect is that such studies may be effective in controlling for
confounds while other forms of correlational studies (e.g., cross-sectional, longitudinal) may be
less likely to have accounted for these in light of a research focus on other factors.
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An additional problem in conducting the moderator analysis may have arisen in the
course of coding the variables used in the meta-regression. While caution was taken to minimize
the likelihood of errors in the coding scheme, there always remains the possibility that some
information was not adequately reported in the included studies. An example of this is the
variable for “mixed ability.” Quite a number of authors noted that the sample of included studies
consisted of children who were at-risk. McCallum and colleagues (2006) noted that students in
the sample included those who were below grade level in reading based on group achievement
data, though others were not; however, no additional information was provided. Other studies
noted that statistics were reported from a sample combining children with and without known
reading or language processing difficulties. Berninger, Abbott, Cook, and Nagy (2017)
conducted the study with a typically developing sample, as well as participants from a sample of
children with specific learning disabilities, including those affecting multiword syntax, word
reading and spelling (dyslexia), subword letter writing (dysgraphia), and attention-deficit
hyperactive disorder. Though some authors were contacted for additional information pertaining
only to the typically developing sample, in most cases, such information was not available. The
lack of specificity of this variable thus makes interpretation around findings related to it unclear.
Future Directions
Limitations both actual and hypothetical notwithstanding, these findings point towards a
number of promising directions for future research. Relatively recent advances in the
computational potential of meta-analyses provide several possible future directions the current
study could be used as a basis to pursue.
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Direct and Indirect Meta-analytic Associations
Further analyses may be conducted to examine direct and indirect associations between
decoding and EF. Given the stability of the effect size estimates in this current investigation, the
extent that EF is related to other reading-related skills should be explored. The rapid-automatized
naming (RAN) task is one possible mediator between decoding and EF. Previous studies have
established RAN as a correlate of decoding abilities. A meta-analysis conducted by Swanson and
colleagues (2003) consisting of 35 studies and 49 independent samples (N = 2,257) found that
associations between RAN and word reading, r = .46, as well as nonword decoding, r = .42, and
RAN were moderately correlated. RAN performance also appears to be associated with
differences in EF. Berninger and colleagues (2017) found that rapid automatic switching (RAS; a
variation of RAN that includes a task-switching paradigm) and EF both accounted for unique
variance in composite measures of oral language, reading, as well as writing. The results of the
study suggest that automatized naming and EF are both uniquely associated with reading skills.
According to the theory of automatic information processing in reading (LaBerge &
Samuels, 1974), fast and effortless retrieval of information about letter-sound associations may
be a requisite for reading development. Differences in EF skills, such as working memory, may
indirectly account for differences in reading ability by freeing up or constraining the cognitive
resources necessary to automatically retrieve orthographic and linguistic information in the
process of reading (Jacobson et al., 2011; Stanovich, 1990; Wolf & Katzir-Cohen, 2011).
Preliminary work is currently being undertaken to examine the direct as well as indirect
association between updating/working memory and decoding by way of differences in RAN
scores. Such analyses are possible using the two-step approach and meta-analytic structural
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equation modeling approach (see Cheung & Chan, 2005; Cheung, 2013, Cheung, 2015a, 2015b;
Quinn & Wagner, 2018) using the metasem package in R.
Longitudinal Meta-analytic Associations
The findings from this meta-analysis suggest that age is likely to be an essential
determiner that may indirectly influence the relations between EF and decoding by way of EF
task stimulus and type. Therefore, studies that examine this association must include instruments
that can capture such effects. However, whether this association is a product of children’s
development or the research design remains a question yet to be explored. Researchers will often
select EF tasks that are viewed as developmentally appropriate for children given a particular age
(Archilbald & Kerns, 1999; Carlson, 2005; Gnys & Willis, 1991; Kray, Eber, & Lindenberger,
2004), leaving the question of whether this association is merely a product of the study design.
Despite the current research that has been conducted to examine developmental trajectories of
EF and how developmental changes associated with regions of the brain associated with EF are
related to behavioral and cognitive changes during childhood to adolescence, the trajectories are
still not well understood (Anderson, Anderson, Northam, Jacobs, & Catroppa, 2001; Anderson,
2002; Blakemore & Choudhury, 2006), particularly compared with atypically developing
children (Zelazo & Müller, 2002). As such, there should be caution exercised in assuming that
the higher order correlations with age found in this meta-analysis are a true phenomenon.
Examining the associations between EF and decoding in a longitudinal sample that is subject to
variation may be an appropriate next step.
Prospective longitudinal studies provide valuable information regarding age-related
trajectories in children’s general cognitive and reading-related skills, which provides crucial
understanding not only for informing theories of reading development but also for creating
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interventions aimed at supporting children at-risk for reading difficulties, and subsequent
academic challenges (Stanovich, 2009). While longitudinal studies can be informative,
translating findings from any given individual study will rarely provide sufficient evidence to
provide concrete recommendations for practice, because even the most well-designed study will
be subject to sampling error. Meta-analyses that synthesize findings from multiple studies can
provide more compelling evidence than from a single study, given their greater statistical power
to detect effects, generalizability across settings, and ability to systematically appraise
conflicting findings across studies. Meta-analyses that allow for the inclusion of multiple effect
sizes within the same study and individual participants are therefore uniquely situated to guide
research on the developmental trajectory of reading acquisition, understanding the unique
associations with certain cognitive skills and assisting in the identification of risk factors that are
promising targets for intervention and prevention of reading difficulties.
Advances in robust variance estimation approaches provides a framework for conducting
meta-analysis using multiple effect size estimates clustered within studies, as well as among
participants (Tanner-Smith et al., 2016). Within the current sample of included studies, 23
contained effect size estimates from longitudinal studies. While in the current meta-analysis,
only the first effect size estimate was selected, in subsequent analyses, this subset of longitudinal
studies could serve as the basis for examining longitudinal changes in the associations between
EF and decoding. The effect size estimates from the first and last measurement occasion could be
selected to explore the temporal changes in the associations between EF and decoding over time.
Conclusions
It is presently clear that EF has a place in a comprehensive theory of reading
development, and there is reason to be believe that such an understanding may help to account
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for individual differences in how readers process and engage with text to form a representation
of it (Butterfuss & Kendeou, 2018). Despite such evidence, many established models of reading
comprehension have not explicitly incorporated components of EF, perhaps because its specific
associations to reading, and especially decoding skills, is presently not well understood. The
present study revealed that associations between EF and decoding were moderate and relatively
stable, even when different moderating variables were entered in a meta-regression. In the results
of the present analyses, age produced significant higher order interactions when entered into a
meta-regression with EF component measured (i.e., updating/working memory, task-switching,
or inhibitory control) and EF task stimulus type (i.e., alphanumeric or non-alphanumeric). In
addition, a higher order interaction of EF task stimulus type and ability status was also
significant, suggesting that among samples of children with reading difficulties, EF may have a
significantly stronger association with decoding in word reading tasks as compared with
nonword reading tasks. Such findings may situate EF in the role of assisting the reader to
manage cognitive resources in the process of retrieving familiar words and processing text into
sound.
The finding that the association between EF and decoding is largely stable from
childhood until adolescence, even after accounting for moderators, suggests that incorporating
EF into existing frameworks of literacy skill development may ultimately improve the latter. EF
may help explain the mechanisms of complex interactions between the reader, the text, and the
developmental context in which reading comprehension occurs. This study aimed to synthesize
and bring to light the associations of EF to decoding: a critical, and often overlooked, aspect of
reading development. The findings of this investigation may help to uncover the mechanisms by
which EF influences decoding abilities, which subsequently influence reading comprehension
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skills. Further research may examine both direct as well as indirect associations between EF and
decoding, as well as the longitudinal changes and stability in associations between the two
constructs. These and future findings may help to inform instruction around reading for typically
developing children, as well as identifying and supporting at-risk populations. Though they may
not definitively end the debate about whether EF has practical implications for supporting a
framework of reading intervention, these findings do inform that debate in important ways, and
point to a number of directions for future research.
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APPENDICES
APPENDIX A: LITERATURE SEARCH
Saved Search Results
Searches Conducted on September 23rd, 2018
Database used: EBSCO Academic Search Complete
• Keywords used:
o (("decoding" OR "fluency") AND "reading") AND ("working memory" OR
"shifting" OR "inhibition" OR "planning" OR "executive function*")
o

•
•
•
•

•

Additional filters: Years 2000-present
Excluding magazines (4) or Newspapers (1)
Language of publication: English
Permanent Search:
http://search.ebscohost.com.ezproxy.gc.cuny.edu/login.aspx?direct=true&db=a9h&bquer
y=((%26quot%3bdecoding%26quot%3b+OR+%26quot%3bfluency%26quot%3b)+AND
+%26quot%3breading%26quot%3b)+AND+(%26quot%3bworking+memory%26quot%
3b+OR+shifting+OR+inhibition+OR+planning+OR+executive+function*)&cli0=DT1&c
lv0=200001-201812&type=1&site=ehost-live
NUMBER OF RESULTS: 531 (2 DUPLICATES REMOVED BY COVIDENCE)

Database used: PsycINFO
• Keywords used:
o (("decoding" OR "fluency") AND "reading") AND ("working memory" OR
"shifting" OR "inhibition" OR "planning" OR "executive function*")
• Additional filters: Years 2000-present
• Research methodology: EMPIRICAL STUDIES, META-ANALYSIS, METASYNTHESIS, SCIENTIFIC SIMULATION
• (Not excluding dissertations)
• Language of publication: English
• Permanent Search:
http://search.ebscohost.com.ezproxy.gc.cuny.edu/login.aspx?direct=true&db=psyh&bque
ry=((%26quot%3bdecoding%26quot%3b+OR+%26quot%3bfluency%26quot%3b)+AN
D+%26quot%3breading%26quot%3b)+AND+(%26quot%3bworking+memory%26quot
%3b+OR+shifting+OR+inhibition+OR+planning+OR+executive+function*)&cli0=PY&
clv0=200001201812&cli1=LA1&clv1=Y&cli2=MR1&clv2=04*%7e12*%7e13*%7e19*&type=1&si
te=ehost-live
• NUMBER OF RESULTS: 980 (206 DUPLICATES REMOVED BY COVIDENCE)
Database used: PsycARTICLES
• Keywords used:
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(("decoding" OR "fluency") AND "reading") AND ("working memory" OR
"shifting" OR "inhibition" OR "planning" OR "executive function*")
Additional filters: Years 2000-present
Research methodology: EMPIRICAL STUDIES, META-ANALYSIS, METASYNTHESIS, SCIENTIFIC SIMULATION
Language of publication: English
Permanent Search:
http://search.ebscohost.com.ezproxy.gc.cuny.edu/login.aspx?direct=true&db=pdh&bquer
y=((%26quot%3bdecoding%26quot%3b+OR+%26quot%3bfluency%26quot%3b)+AND
+%26quot%3breading%26quot%3b)+AND+(%26quot%3bworking+memory%26quot%
3b+OR+shifting+OR+inhibition+OR+planning+OR+executive+function*)&cli0=PY&cl
v0=200001000001&cli1=PO2&clv1=Human&cli2=MR1&clv2=04*%7e12*%7e13*&type=1&site=
ehost-live
NUMBER OF RESULTS: 16 (16 DUPLICATES REMOVED BY COVIDENCE)
o

•
•
•
•

•

Database used: PubMed
• Keywords used:
o (("decoding" OR "fluency") AND "reading") AND ("working memory" OR
"shifting" OR "inhibition" OR "planning" OR "executive function*")
• Additional filters: Years 2000-present
• Research methodology: CLINICAL TRIAL, META-ANALYSIS, META-SYNTHESIS,
REVIEW
• Population: HUMANS
• Language of publication: English
• Permanent Search:
• Search Details: ((("decoding"[All Fields] OR "fluency"[All Fields]) AND "reading"[All
Fields]) AND ("working memory"[All Fields] OR shifting[All Fields] OR ("inhibition
(psychology)"[MeSH Terms] OR ("inhibition"[All Fields] AND "(psychology)"[All
Fields]) OR "inhibition (psychology)"[All Fields] OR "inhibition"[All Fields]) OR
planning[All Fields] OR (executive function[All Fields] OR executive function,[All
Fields] OR executive functional[All Fields] OR executive functioning[All Fields] OR
executive functions[All Fields]))) AND (("2000/01/01"[PDAT] : "3000/12/31"[PDAT])
AND "humans"[MeSH Terms])
• NUMBER OF RESULTS: 228 (194 DUPLICATES REMOVED BY COVIDENCE)
Database used: ProQuest Dissertations and Theses
• Keywords used:
o (((("decoding" OR "fluency") AND "reading") AND ("working memory" OR
"shifting" OR "inhibition" OR "planning" OR "executive function*")) AND
("Empirical") AND la.exact("English") AND stype.exact("Dissertations &
Theses")) AND la.exact("English") AND (subt
• Additional filters: Years 2000-present
• Research methodology: Only empirical studies
• Subject: [See search details]
• Dissertations ONLY
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•
•
•

Date: Since 2015
Temporary Search link: http://ezproxy.gc.cuny.edu/login?url=https://search-proquestcom.ezproxy.gc.cuny.edu/search/1453270?accountid=7287
NUMBER OF RESULTS: 6282 (1246 DUPLICATES REMOVED BY COVIDENCE,
5036 retained)

Database used: Web of Science
• Keywords used:
o TS = ((("decoding" OR "fluency") AND "reading") AND ("working memory" OR
"shifting" OR "inhibition" OR "planning" OR "executive function"))
o Refined by: DOCUMENT TYPES: ( ARTICLE ) AND LANGUAGES: (
ENGLISH )
o Databases= WOS, BCI, CCC, DRCI, DIIDW, KJD, MEDLINE, RSCI, SCIELO,
ZOOREC Timespan=2000-2018
o Search language=Auto
• Additional filters: Years 2000-present
• Language: English
• Document type: Article
• Date: Since 2000
• Temporary Search link: https://apps-webofknowledgecom.ezproxy.gc.cuny.edu/summary.do?product=UA&search_mode=AdvancedSearch&p
age=1&qid=13&SID=6AddUqTFJejM8DZFkiO&parentProduct=UA
• NUMBER OF RESULTS: 721 (391 DUPLICATES REMOVED BY COVIDENCE)
Searches Conducted on September 24th , 2018
Database used: EBSCO Academic Search Complete
• Keywords used:
o (“decoding” OR “word reading” OR “word fluency”) AND “reading” AND
(“executive function” OR “executive functions” OR “executive functioning” OR
(“working memory” OR “executive working memory” OR “updating”) OR
(“inhibition” OR “inhibitory control”) OR (“switching” OR “task-switching” OR
“shifting” OR “cognitive flexibility”) OR “naming speed” OR “planning” OR
“monitoring”)
• Additional filters: Years 2000-present
• Excluding newspapers (1)
• Language of publication: English
• Permanent Search:
http://search.ebscohost.com.ezproxy.gc.cuny.edu/login.aspx?direct=true&db=a9h&bquer
y=(%26quot%3bdecoding%26quot%3b+OR+%26quot%3bword+reading%26quot%3b+
OR+%26quot%3bword+fluency%26quot%3b)+AND+%26quot%3breading%26quot%3b
+AND+(%26quot%3bexecutive+function*%26quot%3b+OR+(%26quot%3bworking+m
emory%26quot%3b+OR+%26quot%3bexecutive+working+memory%26quot%3b+OR+
%26quot%3bupdating%26quot%3b)+OR+%26quot%3bnaming+speed%26quot%3b+%2
6quot%3bplanning%26quot%3b+OR+%26quot%3bmonitoring%26quot%3b+OR+(%26
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•

quot%3binhibition%26quot%3b+OR+%26quot%3binhibitory+control%26quot%3b)+OR
+(%26quot%3bswitching%26quot%3b+OR+%26quot%3btaskswitching%26quot%3b+OR+%26quot%3bshifting%26quot%3b+OR+%26quot%3bcogni
tive+flexibility%26quot%3b))&cli0=DT1&clv0=200001-201812&type=1&site=ehostlive
NUMBER OF RESULTS: 593 (320 DUPLICATES REMOVED BY COVIDENCE)

Database used: PsycINFO
• Keywords used:
o (“decoding” OR “word reading” OR “word fluency”) AND “reading” AND
(“executive function” OR “executive functions” OR “executive functioning” OR
(“working memory” OR “executive working memory” OR “updating”) OR
(“inhibition” OR “inhibitory control”) OR (“switching” OR “task-switching” OR
“shifting” OR “cognitive flexibility”) OR “naming speed” OR “planning” OR
“monitoring”)
• Additional filters: Years 2000-present
• Research methodology: EMPIRICAL STUDIES, META-ANALYSIS, METASYNTHESIS, SCIENTIFIC SIMULATION
• (Not excluding dissertations)
• Language of publication: English
• Permanent Search:
http://search.ebscohost.com.ezproxy.gc.cuny.edu/login.aspx?direct=true&db=psyh&bque
ry=(%26quot%3bdecoding%26quot%3b+OR+%26quot%3bword+reading%26quot%3b+
OR+%26quot%3bword+fluency%26quot%3b)+AND+%26quot%3breading%26quot%3b
+AND+(%26quot%3bexecutive+function%26quot%3b+OR+%26quot%3bexecutive+fun
ctions%26quot%3b+OR+%26quot%3bexecutive+functioning%26quot%3b+OR+%26qu
ot%3bworking+memory%26quot%3b+OR+%26quot%3bexecutive+working+memory%
26quot%3b+OR+%26quot%3bupdating%26quot%3b+OR+%26quot%3binhibition%26q
uot%3b+OR+%26quot%3binhibitory+control%26quot%3b+OR+%26quot%3bswitching
%26quot%3b+OR+%26quot%3btaskswitching%26quot%3b+OR+%26quot%3bshifting%26quot%3b+OR+%26quot%3bcogni
tive+flexibility%26quot%3b+OR+%26quot%3bnaming+speed%26quot%3b+OR+%26q
uot%3bplanning%26quot%3b+OR+%26quot%3bmonitoring%26quot%3b)&cli0=PY&cl
v0=200001201812&cli1=LA1&clv1=Y&cli2=MR1&clv2=04*%7e12*%7e13*%7e19*&type=1&si
te=ehost-live
• NUMBER OF RESULTS: 865 (289 DUPLICATES REMOVED BY COVIDENCE)
Database used: PsycARTICLES
• Keywords used:
o (“decoding” OR “word reading” OR “word fluency”) AND “reading” AND
(“executive function” OR “executive functions” OR “executive functioning” OR
(“working memory” OR “executive working memory” OR “updating”) OR
(“inhibition” OR “inhibitory control”) OR (“switching” OR “task-switching” OR
“shifting” OR “cognitive flexibility”) OR “naming speed” OR “planning” OR
“monitoring”)
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Additional filters: Years 2000-present
Research methodology: EMPIRICAL STUDIES, META-ANALYSIS, METASYNTHESIS, SCIENTIFIC SIMULATION
Language of publication: English
Permanent Search:
http://search.ebscohost.com.ezproxy.gc.cuny.edu/login.aspx?direct=true&db=pdh&bquer
y=(%26quot%3bdecoding%26quot%3b+OR+%26quot%3bword+reading%26quot%3b+
OR+%26quot%3bword+fluency%26quot%3b)+AND+%26quot%3breading%26quot%3b
+AND+(%26quot%3bexecutive+function%26quot%3b+OR+%26quot%3bexecutive+fun
ctions%26quot%3b+OR+%26quot%3bexecutive+functioning%26quot%3b+OR+(%26qu
ot%3bworking+memory%26quot%3b+OR+%26quot%3bexecutive+working+memory%
26quot%3b+OR+%26quot%3bupdating%26quot%3b)+OR+(%26quot%3binhibition%26
quot%3b+OR+%26quot%3binhibitory+control%26quot%3b)+OR+(%26quot%3bswitchi
ng%26quot%3b+OR+%26quot%3btaskswitching%26quot%3b+OR+%26quot%3bshifting%26quot%3b+OR+%26quot%3bcogni
tive+flexibility%26quot%3b)+OR+%26quot%3bnaming+speed%26quot%3b+OR+%26q
uot%3bplanning%26quot%3b+OR+%26quot%3bmonitoring%26quot%3b)&cli0=PY&cl
v0=200001000001&cli1=PO2&clv1=Human&cli2=MR1&clv2=04*%7e12*%7e13*&type=1&site=
ehost-live
NUMBER OF RESULTS: 35 (29 DUPLICATES REMOVED BY COVIDENCE)

Database used: PubMed
• Keywords used:
o (“decoding” OR “word reading” OR “word fluency”) AND “reading” AND
(“executive function” OR “executive functions” OR “executive functioning” OR
(“working memory” OR “executive working memory” OR “updating”) OR
(“inhibition” OR “inhibitory control”) OR (“switching” OR “task-switching” OR
“shifting” OR “cognitive flexibility”) OR “naming speed” OR “planning” OR
“monitoring”)
• Additional filters: Years 2000-present
• Research methodology: CLINICAL TRIAL, META-ANALYSIS, META-SYNTHESIS,
REVIEW
• Population: HUMANS
• Language of publication: English
• Permanent Search:
• (("decoding"[All Fields] OR "word reading"[All Fields] OR "word fluency"[All Fields])
AND "reading"[All Fields] AND ("executive function"[All Fields] OR "executive
functions"[All Fields] OR "executive functioning"[All Fields] OR ("working
memory"[All Fields] OR "executive working memory"[All Fields] OR "updating"[All
Fields]) OR ("inhibition"[All Fields] OR "inhibitory control"[All Fields]) OR
("switching"[All Fields] OR "task-switching"[All Fields] OR "shifting"[All Fields] OR
"cognitive flexibility"[All Fields]) OR "naming speed"[All Fields] OR "planning"[All
Fields] OR "monitoring"[All Fields])) AND (("2000/01/01"[PDAT] :
"3000/12/31"[PDAT]) AND "humans"[MeSH Terms])
• NUMBER OF RESULTS: 290 (249 DUPLICATES REMOVED BY COVIDENCE)
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Database used: Web of Science
• Keywords used:
o TS = ((decoding OR word reading OR word fluency) AND reading AND
(executive function OR executive functions OR executive functioning OR
(working memory OR executive working memory OR updating) OR (inhibition
OR inhibitory control) OR (switching OR task-switching OR shifting OR
cognitive flexibility) OR naming speed OR planning OR monitoring))
Refined by: DOCUMENT TYPES: ( ARTICLE ) AND RESEARCH
DOMAINS: ( SOCIAL SCIENCES )
Databases= WOS, BCI, CCC, DRCI, DIIDW, KJD, MEDLINE, RSCI, SCIELO,
ZOOREC Timespan=2000-2018
Search language=Auto
• Additional filters: Years 2000-present
• Language: English
• Document type: Article
• Date: Since 2000
• NUMBER OF RESULTS: 4403 (839 DUPLICATES REMOVED BY COVIDENCE)
Searches Conducted on December 19th , 2018
Database used: EBSCO Academic Search Complete
• Keywords used:
o (“decoding” OR “word reading” OR “word fluency”) AND “reading” AND
(“executive function” OR “executive functions” OR “executive functioning” OR
(“working memory” OR “executive working memory” OR “updating”) OR
(“inhibition” OR “inhibitory control”) OR (“switching” OR “task-switching” OR
“shifting” OR “cognitive flexibility”) OR “naming speed” OR “planning” OR
“monitoring”)
• Additional filters: Years 1996-2000, 2018-2019
• Excluding newspapers (1)
• Language of publication: English
• Permanent Search:
http://search.ebscohost.com.ezproxy.gc.cuny.edu/login.aspx?direct=true&db=a9h&bquer
y=(%26quot%3bdecoding%26quot%3b+OR+%26quot%3bword+reading%26quot%3b+
OR+%26quot%3bword+fluency%26quot%3b)+AND+%26quot%3breading%26quot%3b
+AND+(%26quot%3bexecutive+function*%26quot%3b+OR+(%26quot%3bworking+m
emory%26quot%3b+OR+%26quot%3bexecutive+working+memory%26quot%3b+OR+
%26quot%3bupdating%26quot%3b)+OR+%26quot%3bnaming+speed%26quot%3b+%2
6quot%3bplanning%26quot%3b+OR+%26quot%3bmonitoring%26quot%3b+OR+(%26
quot%3binhibition%26quot%3b+OR+%26quot%3binhibitory+control%26quot%3b)+OR
+(%26quot%3bswitching%26quot%3b+OR+%26quot%3btaskswitching%26quot%3b+OR+%26quot%3bshifting%26quot%3b+OR+%26quot%3bcogni
tive+flexibility%26quot%3b))&cli0=DT1&clv0=199601-200012&type=1&site=ehostlive
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NUMBER OF RESULTS: 71 (50 DUPLICATES REMOVED BY COVIDENCE)

Database used: PsycINFO
• Keywords used:
o (“decoding” OR “word reading” OR “word fluency”) AND “reading” AND
(“executive function” OR “executive functions” OR “executive functioning” OR
(“working memory” OR “executive working memory” OR “updating”) OR
(“inhibition” OR “inhibitory control”) OR (“switching” OR “task-switching” OR
“shifting” OR “cognitive flexibility”) OR “naming speed” OR “planning” OR
“monitoring”)
• Additional filters: Years 1996-2000, 2018-2019
• Research methodology: EMPIRICAL STUDIES, META-ANALYSIS, METASYNTHESIS, SCIENTIFIC SIMULATION
• (Not excluding dissertations)
• Language of publication: English
• Permanent Search:
http://search.ebscohost.com.ezproxy.gc.cuny.edu/login.aspx?direct=true&db=psyh&bque
ry=(%26quot%3bdecoding%26quot%3b+OR+%26quot%3bword+reading%26quot%3b+
OR+%26quot%3bword+fluency%26quot%3b)+AND+%26quot%3breading%26quot%3b
+AND+(%26quot%3bexecutive+function%26quot%3b+OR+%26quot%3bexecutive+fun
ctions%26quot%3b+OR+%26quot%3bexecutive+functioning%26quot%3b+OR+%26qu
ot%3bworking+memory%26quot%3b+OR+%26quot%3bexecutive+working+memory%
26quot%3b+OR+%26quot%3bupdating%26quot%3b+OR+%26quot%3binhibition%26q
uot%3b+OR+%26quot%3binhibitory+control%26quot%3b+OR+%26quot%3bswitching
%26quot%3b+OR+%26quot%3btaskswitching%26quot%3b+OR+%26quot%3bshifting%26quot%3b+OR+%26quot%3bcogni
tive+flexibility%26quot%3b+OR+%26quot%3bnaming+speed%26quot%3b+OR+%26q
uot%3bplanning%26quot%3b+OR+%26quot%3bmonitoring%26quot%3b)&cli0=PY&cl
v0=199601200012&cli1=LA1&clv1=Y&cli2=MR1&clv2=04*%7e12*%7e13*%7e19*&type=1&si
te=ehost-live
• NUMBER OF RESULTS: 112 (49 DUPLICATES REMOVED BY COVIDENCE)
Database used: PsycARTICLES
• Keywords used:
o (“decoding” OR “word reading” OR “word fluency”) AND “reading” AND
(“executive function” OR “executive functions” OR “executive functioning” OR
(“working memory” OR “executive working memory” OR “updating”) OR
(“inhibition” OR “inhibitory control”) OR (“switching” OR “task-switching” OR
“shifting” OR “cognitive flexibility”) OR “naming speed” OR “planning” OR
“monitoring”)
• Additional filters: Years 1996-2000, 2018-2019
• Research methodology: EMPIRICAL STUDIES, META-ANALYSIS, METASYNTHESIS, SCIENTIFIC SIMULATION
• Language of publication: English
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•

•

Permanent Search:
http://search.ebscohost.com.ezproxy.gc.cuny.edu/login.aspx?direct=true&db=pdh&bquer
y=(%26quot%3bdecoding%26quot%3b+OR+%26quot%3bword+reading%26quot%3b+
OR+%26quot%3bword+fluency%26quot%3b)+AND+%26quot%3breading%26quot%3b
+AND+(%26quot%3bexecutive+function%26quot%3b+OR+%26quot%3bexecutive+fun
ctions%26quot%3b+OR+%26quot%3bexecutive+functioning%26quot%3b+OR+(%26qu
ot%3bworking+memory%26quot%3b+OR+%26quot%3bexecutive+working+memory%
26quot%3b+OR+%26quot%3bupdating%26quot%3b)+OR+(%26quot%3binhibition%26
quot%3b+OR+%26quot%3binhibitory+control%26quot%3b)+OR+(%26quot%3bswitchi
ng%26quot%3b+OR+%26quot%3btaskswitching%26quot%3b+OR+%26quot%3bshifting%26quot%3b+OR+%26quot%3bcogni
tive+flexibility%26quot%3b)+OR+%26quot%3bnaming+speed%26quot%3b+OR+%26q
uot%3bplanning%26quot%3b+OR+%26quot%3bmonitoring%26quot%3b)&cli0=PY&cl
v0=199701200012&cli1=PO2&clv1=Human&cli2=MR1&clv2=04*%7e12*%7e13*&type=1&site=
ehost-live
NUMBER OF RESULTS: 6 (6 DUPLICATES REMOVED BY COVIDENCE)

Database used: PubMed
• Keywords used:
o (“decoding” OR “word reading” OR “word fluency”) AND “reading” AND
(“executive function” OR “executive functions” OR “executive functioning” OR
(“working memory” OR “executive working memory” OR “updating”) OR
(“inhibition” OR “inhibitory control”) OR (“switching” OR “task-switching” OR
“shifting” OR “cognitive flexibility”) OR “naming speed” OR “planning” OR
“monitoring”)
• Additional filters: 1996-2000, 2018-2020
• Research methodology: CLINICAL TRIAL, META-ANALYSIS, META-SYNTHESIS,
REVIEW
• Population: HUMANS
• Language of publication: English
• Permanent Search:
• (("decoding"[All Fields] OR "word reading"[All Fields] OR "word fluency"[All Fields])
AND "reading"[All Fields] AND ("executive function"[All Fields] OR "executive
functions"[All Fields] OR "executive functioning"[All Fields] OR ("working
memory"[All Fields] OR "executive working memory"[All Fields] OR "updating"[All
Fields]) OR ("inhibition"[All Fields] OR "inhibitory control"[All Fields]) OR
("switching"[All Fields] OR "task-switching"[All Fields] OR "shifting"[All Fields] OR
"cognitive flexibility"[All Fields]) OR "naming speed"[All Fields] OR "planning"[All
Fields] OR "monitoring"[All Fields]) AND "humans"[MeSH Terms]) AND
("1996/01/01"[PDAT] : "2000/01/01"[PDAT])
• (("decoding"[All Fields] OR "word reading"[All Fields] OR "word fluency"[All Fields])
AND "reading"[All Fields] AND ("executive function"[All Fields] OR "executive
functions"[All Fields] OR "executive functioning"[All Fields] OR ("working
memory"[All Fields] OR "executive working memory"[All Fields] OR "updating"[All
Fields]) OR ("inhibition"[All Fields] OR "inhibitory control"[All Fields]) OR
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•

("switching"[All Fields] OR "task-switching"[All Fields] OR "shifting"[All Fields] OR
"cognitive flexibility"[All Fields]) OR "naming speed"[All Fields] OR "planning"[All
Fields] OR "monitoring"[All Fields]) AND "humans"[MeSH Terms]) AND
("2018/01/01"[PDAT] : "2020/01/01"[PDAT])
NUMBER OF RESULTS: 31 (27 DUPLICATES REMOVED BY COVIDENCE)

Database used: Web of Science
• Keywords used:
o TS = ((decoding OR word reading OR word fluency) AND reading AND
(executive function OR executive functions OR executive functioning OR
(working memory OR executive working memory OR updating) OR (inhibition
OR inhibitory control) OR (switching OR task-switching OR shifting OR
cognitive flexibility) OR naming speed OR planning OR monitoring))
Refined by: DOCUMENT TYPES: ( ARTICLE ) AND RESEARCH
DOMAINS: ( SOCIAL SCIENCES )
Databases= WOS, BCI, CCC, DRCI, DIIDW, KJD, MEDLINE, RSCI, SCIELO,
ZOOREC Timespan=1996-2000
Search language=Auto
o TS = ((decoding OR word reading OR word fluency) AND reading AND
(executive function OR executive functions OR executive functioning OR
(working memory OR executive working memory OR updating) OR (inhibition
OR inhibitory control) OR (switching OR task-switching OR shifting OR
cognitive flexibility) OR naming speed OR planning OR monitoring))
Refined by: DOCUMENT TYPES: ( ARTICLE ) AND RESEARCH
DOMAINS: ( SOCIAL SCIENCES )
Databases= WOS, BCI, CCC, DRCI, DIIDW, KJD, MEDLINE, RSCI, SCIELO,
ZOOREC Timespan=2018-2018
Search language=Auto
• Additional filters: Years 1996-2000, 2018-2018
• Language: English
• Document type: Article
• Date: Years 1996-2000, 2018-2018
• NUMBER OF RESULTS: 157 (123 DUPLICATES REMOVED BY COVIDENCE)
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APPENDIX B: SCREENING CRITERIA
The inclusion and exclusion criteria used to create keywords for literature searches and
for screening phases are shown below.
Inclusion Criteria
1. The articles must involve children or adolescents
2. The articles must report findings from original data from measures of
a. Reading:
i.
word reading/fluency or
ii.
decoding or
iii.
reading comprehension?
b. Executive functions:
i.
working memory or
ii.
updating or
iii.
shifting or task-switching or cognitive flexibility or
iv.
inhibition or inhibitory control or
v. planning or
vi.
self-monitoring
3. The articles must report correlations or effect sizes for associations between measures of
decoding (word fluency) and executive functions
4. The article must report associations for a control sample if a clinical sample is the focus
of the study.
5. Measures of decoding and EF must be based on behavioral measures of the child (i.e., not
teacher or parent ratings, not EEG/ERP/fMRI or other brain imaging data)
Exclusion Criteria
1. The articles must involve only adults (age 19 and older) nor patients with psychiatric
disorders or brain trauma
2. The articles fail to report findings from original data on any one of the variables listed
above
3. The articles do not report correlations or effect sizes of associations between variables of
interest
4. The articles do not report data from a typically-developing sample
Measures of decoding or EF are not behavioral
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APPENDIX C:
CODEBOOK
A. Quality Assessment (Scored as High/Low/Unclear for each category)
a. Incomplete outcome data reported for all outcomes
b. Selection outcome reporting
c. Other sources of bias (e.g., Participant recruitment)
B. Study Identification
a. Sponsorship source
b. Country/region of data collection
c. Setting (rural, urban, etc.)
d. Comments
e. Author contact information (if available)
f. Date of data collection
g. Publication Type
1. Peer-reviewed journal
2. Report
3. Book chapter
4. Dissertation
5. Conference Proceedings
6. Other (specify)
C. Methods
a. Type of study
1. Randomized-Control Trials / Experimental
2. Case-control study
3. Cluster-randomized controlled trial
4. Historically controlled trial
5. Prospective cohort study
6. Retrospective cohort study
7. Correlational (concurrent)
8. Pre-post condition (extract data from typically developing control)
9. Longitudinal
10. Cross-sectional
11. Quasi-experimental (specify type)
12. Parallel Groups (extract data from typically developing control)
13. Crossover
14. Other (specify)
a. Purpose of the Study (see abstract from citation)
b. Population
i.
Inclusion criteria
ii.
Exclusion criteria
iii.
Group differences (leave blank)
iv.
Number of Subjects
v. Proportion Female
vi.
Age
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vii.
viii.
ix.
x.

xi.

Age Group (Children or Adolescent)
Educational Attainment (grade; year in school)
Language Background
Clinical Diagnosis (if applicable)
1. Developmental Language Disorder (Specific-Language
Impairment or Language Impairment, if earlier literature)
2. Dyslexia / Reading Difficulties
3. ADHD
4. None Noted / Assume Typically Developing
5. Other
Comparison Sample (if data used from typically-developing or control
sample)
1. Age-matched
2. Ability-matched (specify: reading comprehension / decoding /
executive functions, etc.)
3. Equal proportions male/female

D. Measurements
a. Executive Functions
i.
Working Memory
1. Updating
2. Short-term Memory
ii.
Task-switching
iii.
Inhibitory Control
1. Prepotent Response Inhibition
2. Resistance to Proactive Interference
3. Resistance to Distractor Interference
iv.
Planning
v. Monitoring
b. Reading
i.
Decoding
ii.
Other (Less central aspects):
1. Rapid Automatic Naming (RAN)
2. Linguistic Comprehension
3. Vocabulary Knowledge
4. Phonemic / Phonological Knowledge
5. Text Comprehension
c. Other Cognitive Measures:
i.
Processing Speed
ii.
Fluid Intelligence
d. Stimuli Presentation
i.
Verbal
ii.
Nonverbal
e. Reliability and Validity Indices
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Section/topic
TITLE
Title
ABSTRACT
Structured summary
INTRODUCTION
Rationale
Objectives
METHODS
Protocol and
registration
Eligibility criteria

139

#

Checklist item

1

Identify the report as a systematic review, meta-analysis, or both.

2

Provide a structured summary including, as applicable: background; objectives; data sources; study
eligibility criteria, participants, and interventions; study appraisal and synthesis methods; results;
limitations; conclusions and implications of key findings; systematic review registration number.

3
4

Describe the rationale for the review in the context of what is already known.
Provide an explicit statement of questions being addressed with reference to participants, interventions,
comparisons, outcomes, and study design (PICOS).

5

Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if available,
provide registration information including registration number.
Specify study characteristics (e.g., PICOS, length of follow-up) and report characteristics (e.g., years
considered, language, publication status) used as criteria for eligibility, giving rationale.
Describe all information sources (e.g., databases with dates of coverage, contact with study authors to
identify additional studies) in the search and date last searched.
Present full electronic search strategy for at least one database, including any limits used, such that it could
be repeated.
State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, if
applicable, included in the meta-analysis).
Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) and any
processes for obtaining and confirming data from investigators.
List and define all variables for which data were sought (e.g., PICOS, funding sources) and any assumptions
and simplifications made.
Describe methods used for assessing risk of bias of individual studies (including specification of whether
this was done at the study or outcome level), and how this information is to be used in any data synthesis.
State the principal summary measures (e.g., risk ratio, difference in means).
Describe the methods of handling data and combining results of studies, if done, including measures of
consistency (e.g., I2) for each meta-analysis.

6

Information sources

7

Search

8

Study selection

9

Data collection
process
Data items

10

Risk of bias in
individual studies
Summary measures
Synthesis of results

12

11

13
14

Reported in:

139

Cover Page
Abstract

Chapters 1-2
Chapters 1-2

Chapter 5
Chapter 5;
Appendix A
Chapter 5;
Appendix A
Chapter 5;
Appendix A
Chapter 5;
Appendix C
Chapter 5
Chapter 4;
Appendix G
Chapter 5
Chapter 6
Chapter 6
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APPENDIX D: PRISMA CHECKLIST

#

140

Risk of bias across studies

15

Additional analyses

16

RESULTS
Study selection

17

Study characteristics

18

Risk of bias within studies

19

Results of individual studies

20

Synthesis of results
Risk of bias across studies
Additional analysis

21
22
23

DISCUSSION
Summary of evidence

24

Limitations

25

Conclusions

26

FUNDING
Funding

27

Checklist item
Specify any assessment of risk of bias that may affect the cumulative evidence (e.g., publication bias,
selective reporting within studies).
Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-regression), if done,
indicating which were pre-specified.
Give numbers of studies screened, assessed for eligibility, and included in the review, with reasons for
exclusions at each stage, ideally with a flow diagram.
For each study, present characteristics for which data were extracted (e.g., study size, PICOS, follow-up
period) and provide the citations.
Present data on risk of bias of each study and, if available, any outcome level assessment (see item 12).
For all outcomes considered (benefits or harms), present, for each study: (a) simple summary data for
each intervention group (b) effect estimates and confidence intervals, ideally with a forest plot.
Present results of each meta-analysis done, including confidence intervals and measures of consistency.
Present results of any assessment of risk of bias across studies (see Item 15).
Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression [see
Item 16]).
Summarize the main findings including the strength of evidence for each main outcome; consider their
relevance to key groups (e.g., healthcare providers, users, and policy makers).
Discuss limitations at study and outcome level (e.g., risk of bias), and at review-level (e.g., incomplete
retrieval of identified research, reporting bias).
Provide a general interpretation of the results in the context of other evidence, and implications for future
research.
Describe sources of funding for the systematic review and other support (e.g., supply of data); role of
funders for the systematic review.

Reported
on page #
Chapter 5
Chapter 6

Chapter 5
Chapter 5;
Appendix E
Chapter 7;
Appendix E
Chapter 7;
Appendix F
Chapter 7
Chapter 7
Chapter 7

Chapter 8
Chapter 8
Chapter 8

N/A

From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 6(7):
e1000097. doi:10.1371/journal.pmed1000097
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Section/topic
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APPENDIX E: STUDIES INCLUDED IN THE META-ANALYSIS
Studies (N = 50) currently included in meta-analysis during data extraction phase. This includes
studies from 13 unpublished (one of which was later published), 4 unpublished manuscripts, and
3 conference presentation, and the remainder from published articles.
*Indicates unpublished study.
Altani, A., Protopapas, A., & Georgiou, G. K. (2017). The contribution of executive functions to
naming digits, objects, and words. Reading and Writing, 30(1), 121–141.
Arrington, C. N., Kulesz, P. A., Francis, D. J., Fletcher, J. M., & Barnes, M. A. (2014). The
Contribution of Attentional Control and Working Memory to Reading Comprehension
and Decoding. Scientific Studies of Reading, 18(5), 325–346.
Asbjørnsen, A. E., Obrzut, J. E., Eikeland, O.-J., & Manger, T. (2010). Can solving of
wordchains be explained by phonological skills alone? Dyslexia (10769242), 16(1), 24–
35.
Babayiğit, S., & Stainthorp, R. (2010). Component processes of early reading, spelling, and
narrative writing skills in Turkish: A longitudinal study. Reading and Writing, 23(5),
539–568.
Babayiğit, S., & Stainthorp, R. (2011). Modeling the Relationships Between CognitiveLinguistic Skills and Literacy Skills: New Insights From a Transparent Orthography.
Journal of Educational Psychology, 103(1), 169–189.
Bayliss, D. M., Jarrold, C., Baddeley, A. D., & Leigh, E. (2005). Differential constraints on the
working memory and reading abilities of individuals with learning difficulties and
typically developing children. Journal of Experimental Child Psychology, 92(1), 76–99.
Booth, J. N., Boyle, J. M. E., & Kelly, S. W. (2014). The relationship between inhibition and
working memory in predicting children’s reading difficulties. Journal of Research in
Reading, 37(1), 84–101.
*Bresnahan, B. (2007). Component processes in the predictors of reading achievement: Direct
and indirect effects [Dissertation]. ProQuest Information & Learning. Retrieved from
http://search.ebscohost.com/login.aspx?direct=true&db=psyh&AN=2007-99007098&site=ehost-live
Bryce, D., Whitebread, D., & Szucs, D. (2015). The relationships among executive functions,
metacognitive skills and educational achievement in 5 and 7 year-old children.
Metacognition and Learning, 10(2), 181–198.
Burns, M. K., Davidson, K., Zaslofsky, A. F., Parker, D. C., & Maki, K. E. (2018). The
Relationship Between Acquisition Rate for Words and Working Memory, Short-Term
Memory, and Reading Skills: Aptitude-by-Treatment or Skill-by-Treatment Interaction?
Assessment for Effective Intervention, 43(3), 182–192.
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Cain, K. (2007). Syntactic awareness and reading ability: Is there any evidence for a special
relationship? Applied Psycholinguistics, 28(4), 679–694.
Cain, K., Bryant, P., & Oakhill, J. (2004). Children’s Reading Comprehension Ability:
Concurrent Prediction by Working Memory, Verbal Ability, and Component Skills.
Journal of Educational Psychology, 96(1), 31–42.
*Cartwright, K. B., Bock, A. M., Clause, J. H., Coppage August, E. A., Saunders, H. G., &
Schmidt, K. J. (2019). Near- and far-transfer effects of an executive function intervention
for 2nd to 5th-grade struggling readers. [Unpublished Preprint.]
Cartwright, K. B., Coppage, E. A., Lane, A. B., Singleton, T., Marshall, T. R., & Bentivegna, C.
(2017). Cognitive flexibility deficits in children with specific reading comprehension
difficulties. Contemporary Educational Psychology, 50, 33–44.
*Cartwright, K. B., Huemer, C. M., Payne, J. B., & Marshall, T. R. (2019). executive function in
the classroom: Cognitive flexibility supports reading fluency for typical readers and
teacher-identified low-achieving readers. [Unpublished Preprint].
Cartwright, K. B., Marshall, T. R., Dandy, K. L., & Isaac, M. C. (2010). The Development of
Graphophonological-Semantic Cognitive Flexibility and Its Contribution to Reading
Comprehension in Beginning Readers. Journal of Cognition & Development, 11(1), 61–
85.
Chung, K. K. H., Ho, C. S. ‐ H., Chan, D. W., Tsang, S. ‐ M., & Lee, S. ‐ H. (2013).
Contributions of Syntactic Awareness to Reading in Chinese-speaking Adolescent
Readers with and without Dyslexia. Dyslexia (10769242), 19(1), 11–36.
Chung, K. K. H., Ho, C. S.-H., Chan, D. W., Tsang, S.-M., & Lee, S.-H. (2011a). Cognitive
skills and literacy performance of Chinese adolescents with and without dyslexia.
Reading and Writing, 24(7), 835–859.
Chung, K. K. H., & McBride-Chang, C. (2011b). Executive Functioning Skills Uniquely Predict
Chinese Word Reading. Journal of Educational Psychology, 103(4), 909–921.
*Clark, T. L. (2018). The connection among morphological, phonological, orthographic, and
processing skills, and reading [Dissertation]. ProQuest Information & Learning.
Retrieved from
http://search.ebscohost.com/login.aspx?direct=true&db=psyh&AN=2017-54449260&site=ehost-live
Colé, P., Duncan, L. G., & Blaye, A. (2014). Cognitive flexibility predicts early reading skills.
Frontiers in Psychology, 5.
Conners, F. A. (2009). Attentional control and the Simple View of reading. Reading and Writing,
22(5), 591–613.
Cowan, N., Hogan, T. P., Alt, M., Green, S., Cabbage, K. L., Brinkley, S., & Gray, S. (2017).
Short-term Memory in Childhood Dyslexia: Deficient Serial Order in Multiple
Modalities. Dyslexia, 23(3), 209–233.
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Cutting, L. E., & Scarborough, H. S. (2006). Prediction of reading comprehension: Relative
contributions of word recognition, language proficiency, and other cognitive skills can
depend on how comprehension is measured. Scientific Studies of Reading, 10(3), 277–
299.
Daucourt, M. C., Schatschneider, C., Connor, C. M., Al Otaiba, S., & Hart, S. A. (2018).
Inhibition, Updating Working Memory, and Shifting Predict Reading Disability
Symptoms in a Hybrid Model: Project KIDS. Frontiers in Psychology, 9, 238.
Daugaard, H. T., Cain, K., & Elbro, C. (2017). From words to text: inference making mediates
the role of vocabulary in children’s reading comprehension. Reading and Writing, 30(8),
1773–1788. https://doi.org/10.1007/s11145-017-9752-2
Davidson, M. M., Kaushanskaya, M., & Ellis Weismer, S. (2018). Reading Comprehension in
Children With and Without ASD: The Role of Word Reading, Oral Language, and
Working Memory. Journal of Autism & Developmental Disorders, 48(10), 3524–3541.
Gottardo, A., Stanovich, K. E., & Siegel, L. S. (1996). The relationships between phonological
sensitivity, syntactic processing, and verbal working memory in the reading performance
of third-grade children. Journal of Experimental Child Psychology, 63(3), 563–582.
Guajardo, N. R., & Cartwright, K. B. (2016). The contribution of theory of mind, counterfactual
reasoning, and executive function to pre-readers’ language comprehension and later
reading awareness and comprehension in elementary school. Journal of Experimental
Child Psychology, 144, 27–45.
*Hester, E. (2000). Phonological production, reading decoding, and working memory in third
graders. ProQuest Information & Learning [Dissertation later published as Hester et al.
(2004)]. Retrieved from
http://search.ebscohost.com/login.aspx?direct=true&db=psyh&AN=2000-95023005&site=ehost-live
Iglesias-Sarmiento, V., Carriedo-López, N., & Rodríguez-Rodríguez, J. L. (2015). Updating
executive function and performance in reading comprehension and problem solving.
Anales de Psicología, 31(1), 298–309.
*Jackson, A. F. (2016). The role of executive function in writing achievement in first grade
[Dissertation]. ProQuest Information & Learning . Retrieved from
http://search.ebscohost.com/login.aspx?direct=true&db=psyh&AN=2016-31153152&site=ehost-live
Jacobson, L. A., Koriakin, T., Lipkin, P., Boada, R., Frijters, J. C., Lovett, M. W., … Mahone, E.
M. (2017). Executive Functions Contribute Uniquely to Reading Competence in Minority
Youth. Journal of Learning Disabilities, 50(4), 422–433.
Jiang, H., & Farquharson, K. (2018). Are working memory and behavioral attention equally
important for both reading and listening comprehension? A developmental comparison.
Reading and Writing, 31(7), 1449–1477.
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Kieffer, M. J., Vukovic, R. K., & Berry, D. (2013). Roles of Attention Shifting and Inhibitory
Control in Fourth-Grade Reading Comprehension. Reading Research Quarterly, 48(4),
333–348.
*Lee, S. E. (2016). The impact of working memory training on third-grade students’ reading
fluency and reading comprehension performance [Dissertation]. ProQuest Information &
Learning. Retrieved from
http://search.ebscohost.com/login.aspx?direct=true&db=psyh&AN=2016-99010459&site=ehost-live
Leong, C. K., Tse, S. K., Loh, K. Y., & Hau, K. T. (2008). Text comprehension in Chinese
children: Relative contribution of verbal working memory, pseudoword reading, rapid
automatized naming, and onset-rime phonological segmentation. Journal of Educational
Psychology, 100(1), 135–149.
Liu, Y., Sun, H., Lin, D., Li, H., Yeung, S. S., & Wong, T. T. (2018). The unique role of
executive function skills in predicting Hong Kong kindergarteners’ reading
comprehension. British Journal of Educational Psychology, 88(4), 628–644.
Messer, D., Henry, L. A., & Nash, G. (2016). The relation between executive functioning,
reaction time, naming speed, and single word reading in children with typical
development and language impairments. British Journal of Educational Psychology,
86(3), 412–428.
*Neuenschwander, R. Cimeli, P., Röthlisberger, M. & Roebers, C. M. (2010). The role of
executive functions for reading and writing in 2nd grade children [Unpublished
conference presentation]. Retrieved from
https://www.frontiersin.org/10.3389/conf.fnins.2010.11.00024/event_abstract
Nouwens, S., Groen, M. A., & Verhoeven, L. (2017). How working memory relates to children’s
reading comprehension: The importance of domain-specificity in storage and processing.
Reading and Writing, 30(1), 105–120.
Oakhill, J. V., & Cain, K. (2012). The Precursors of Reading Ability in Young Readers:
Evidence From a Four-Year Longitudinal Study. Scientific Studies of Reading, 16(2), 91–
121.
Oakhill, J. V., Cain, K., & Bryant, P. E. (2003). The dissociation of word reading and text
comprehension: Evidence from component skills. Language & Cognitive Processes,
18(4), 443.
Papadopoulos, T. C., Spanoudis, G. C., & Georgiou, G. K. (2016). How is RAN related to
reading fluency? A comprehensive examination of the prominent theoretical accounts.
Frontiers in Psychology, 7.
Pham, A. V., & Hasson, R. M. (2014). Verbal and Visuospatial Working Memory as Predictors
of Children’s Reading Ability. Archives of Clinical Neuropsychology, 29(5), 467–477.
Protopapas, A., Archonti, A., & Skaloumbakas, C. (2007). Reading ability is negatively related
to Stroop interference. Cognitive Psychology, 54(3), 251–282.
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*Ruggiero, J. J. (1999). The contribution of strategic flexibility and lexical access fluency to
working memory and reading in ninth-grade readers [Dissertation]. ProQuest
Information & Learning. Retrieved from
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DESCRIPTIVE DATA OF INCLUDED STUDIES
Table 1a
Descriptive measures extracted from included studies (Some studies include multiple samples).
Study

Pub. Type Cite Score
(2017)

146

Design

Sample Size
(N)

Age SD
(Years)

Propr.
Female

107

Mean
Age
(Years)
11.81

Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)

Country/
region

Language

Mixed
Ability

Decoding Task

Decoding
Type

0.32

0.54

Greece

Greek

Typical

Word Reading

Word
Reading

Updating (N- WM
Back)

107

11.81

0.32

0.54

Greece

Greek

Typical

Word Reading

Word
Reading

Shifting
(DCCS)

107

11.81

0.32

0.54

Greece

Greek

Typical

Word Reading

Word
Reading

Inhibition
(van der
Sluis task)

1134

14.66

0.62

0.48

USA

English

Typical

Test of Word
Reading
Efficiency
(TOWRE total
score)
Test of Word
Reading
Efficiency
(TOWRE total
score)

Word
Reading

Word
Reading

Altani 2017

Peerreviewed

2.24

Altani 2017

Peerreviewed

2.24

Altani 2017

Peerreviewed

2.24

Arrington 2014

Peerreviewed

3.37

Arrington 2014

Peerreviewed

3.37

Correlation
al
(Concurren
t)

1134

14.66

0.62

0.48

USA

English

Typical

Asbjørnsen 2010 Peerreviewed

1.55

Correlation
al
(Concurren
t)

40

13.97

0.85

0.50

Norway

Norwegian

Typical

Nonword
Nonword
Reading (NWR Decoding
test)

Asbjørnsen 2010 Peerreviewed

1.55

40

13.97

0.85

0.50

Norway

Norwegian

Typical

Babayiğit 2010

2.24

Correlation
al
(Concurren
t)
Longitudin
al
Longitudin
al
Correlation
al
(Concurren
t)

Northern
Cyprus
Northern
Cyprus
UK

Turkish

Typical

Turkish

Typical

English

Typical

Paced Auditory Word
Serial Addition Reading
Test (PASAT,
Gronwall, 1977)
Nonword
Nonword
Reading
Decoding
Nonword
Nonword
Reading
Decoding
Reading
Word
Decision Test Reading
(Baddeley,

Babayiğit 2011
Bayliss 2005

Peerreviewed
Peerreviewed
Peerreviewed

4.8
2.85

57

6.60

NA

0.47

103

8.84

3.62

0.51

50

7.25

NA

0.50

EF Task

EF
Domain

EF Task
Stimuli

z

NonAlpha

EF
Response
Modality
NonVerbal

SE

0.16

0.10

TS

NonAlpha

NonVerbal

0.27

0.10

IC

NonAlpha

NonVerbal

0.32

0.10

Interference IC
(Verbal
Proactive
Inference)

Alpha

NonVerbal

0.02

0.03

Inhibition
IC
(Response
Inhibition,
SSRT = Stop
Signal
reaction
time)
Paced
WM
Auditory
Serial
Addition
Test
(PASAT,
Gronwall,
1977)
Word
WM
Reading
(Single Word
Reading)
Working
WM
Memory
Reading
WM
Span
Verbal
WM
Verbal
Complex
Span

NonAlpha

NonVerbal

0.06

0.03

Alpha

Verbal

0.68

0.16

Alpha

Verbal

0.59

0.16

Alpha

Verbal

0.30

0.14

Alpha

Verbal

0.24

0.10

Alpha

NonVerbal

0.44

0.15
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APPENDIX F:

Pub. Type Cite Score
(2017)

Design

Sample Size
(N)

Mean
Age
(Years)

Age SD
(Years)

Propr.
Female

Country/
region

Language

Mixed
Ability

147

Bayliss 2005

Peerreviewed

2.85

Correlation
al
(Concurren
t)

50

7.25

NA

0.50

UK

English

Typical

Bryce 2015

Peerreviewed

4.3

34

5.70

NA

0.56

UK

English

Typical

Bryce 2015

Peerreviewed

4.3

32

7.80

NA

0.31

UK

English

Typical

Burns 2018

Peerreviewed

0.94

52

NA

NA

0.48

USA

English

Cain 2004

Peerreviewed

4.8

Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Longitudin
al

100

7.53

0.28

0.50

UK

Cain 2004

Peerreviewed

4.8

Longitudin
al

92

8.62

0.26

0.50

Cain 2004

Peerreviewed

4.8

Longitudin
al

80

10.64

0.27

Cain 2007

Peerreviewed

1.85

49

7.75

Cain 2007

Peerreviewed

1.85

50

Cartwright 2010 Peerreviewed

2.02

Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)

Cartwright 2010 Peerreviewed

2.02

Cartwright 2017 Peerreviewed

4.32

Cartwright 2017 Peerreviewed

4.32

Cartwright 2019a Unpublished
manuscript

NA

Decoding Task
Gathercole, &
Spooner, 2003)
Reading
Decision Test
(Baddeley,
Gathercole, &
Spooner, 2003)
Word Reading
(WIAT II UK)

Decoding
Type

EF Task

Word
Reading

EF
Domain

EF Task
Stimuli

EF
Response
Modality

z

SE

WM

NonAlpha

NonVerbal

0.59

0.15

Word
Reading

Stroop
(Animals)

IC

NonAlpha

NonVerbal

0.65

0.18

Word Reading
(WIAT II UK)

Word
Reading

Stroop
(Animals)

IC

NonAlpha

Verbal

0.79

0.19

Mixed

Word Reading

Word
Reading

Alpha

Verbal

0.37

0.14

English

Typical

Word
Reading

Alpha

Verbal

0.02

0.10

UK

English

Typical

Word
Reading

Sentence
Span

WM

Alpha

Verbal

0.33

0.11

0.50

UK

English

Typical

Word
Reading

Sentence
Span

WM

Alpha

Verbal

0.21

0.11

0.28

0.49

UK

English

Typical

Word Reading
(Neale,
accuracy)
Word Reading
(Neale,
accuracy)
Word Reading
(Neale,
accuracy)
Word Reading
(NARA-II,
accuracy)

Phonological WM
Awareness
(Rhyming
task)
Sentence
WM
Span

Word
Reading

Working
Memory
(Digits)

WM

Alpha

Verbal

0.20

0.15

9.75

0.30

0.52

UK

English

Typical

Word Reading
(NARA-II,
accuracy)

Word
Reading

Working
Memory
(Digits)

WM

Alpha

Verbal

0.45

0.15

64

7.75

NA

0.56

USA

English

Typical

Word Attack
(WRMT-R)

Nonword
Decoding

TS

Alpha

NonVerbal

0.45

0.13

Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)

64

7.75

NA

0.56

USA

English

Typical

Word Attack
(WRMT-R)

Nonword
Decoding

TS

Alpha

NonVerbal

0.02

0.13

48

7.64

0.64

0.38

USA

English

Mixed

Word Attack
(WRMT-R)

Nonword
Decoding

TS

Alpha

NonVerbal

0.62

0.15

Correlation
al
(Concurren
t)
Correlation
al

48

7.64

0.64

0.38

USA

English

Mixed

Word Attack
(WRMT-R)

Nonword
Decoding

TS

NonAlpha

NonVerbal

0.40

0.15

50

7.60

0.69

0.56

USA

English

Typical

Word Attack
(WRMT)

Nonword
Decoding

Shifting
(Graphophon
ologicalsemantic
cognitive
flexibility)
Shifting
(Cognitive
flexibility
Color-shape)
Shifting
(Graphophon
ologicalSemantic
Cognitive
Flexibility)
Shifting
(Cognitive
flexibility
Color-shape)
Graphophon
ologicalsema
ntic

TS

Alpha

NonVerbal

0.54

0.15

RELATION BETWEEN EF AND DECODING META-ANALYSIS

Study

Pub. Type Cite Score
(2017)

Design

Sample Size
(N)

Mean
Age
(Years)

Age SD
(Years)

Propr.
Female

Country/
region

Language

Mixed
Ability

Decoding Task

Decoding
Type

(Concurren
t)

148

Cartwright 2019a Unpublished
manuscript

NA

Correlation
al
(Concurren
t)

50

7.60

0.69

0.56

USA

English

Typical

Word
Identification
(WRMT)

Word
Reading

Cartwright 2019b Unpublished
manuscript

NA

Compariso
n Groups

62

NA

NA

0.42

USA

English

Typical

Word
Identification
(WRMT)

Word
Reading

Cartwright 2019b Unpublished
manuscript

NA

Compariso
n Groups

62

NA

NA

0.42

USA

English

Typical

Word
Reading

Chung 2011a

Peerreviewed

2.24

Compariso
n Groups

90

13.12

1.39

0.61

Chinese
Mixed
(Cantonese)

Chung 2011b

Peerreviewed

4.8

Longitudin
al

85

4.99

NA

0.49

Chinese
Typical
(Cantonese)

Word Reading

Word
Reading

Chung 2011b

Peerreviewed

4.8

Longitudin
al

85

5.92

NA

0.49

Chinese
Typical
(Cantonese)

Word Reading

Chung 2013

Peerreviewed

1.55

78

12.46

2.20

0.47

Chinese
Mixed
(Cantonese)

Clark 2018

Dissertation

NA

307

NA

NA

0.52

USA

English

Clark 2018

Dissertation

NA

307

NA

NA

0.52

USA

Colé 2014

Peerreviewed

2.21

60

7.63

0.30

0.60

Colé 2014

Peerreviewed

2.21

60

7.63

0.30

Colé 2014

Peerreviewed

2.21

60

7.63

Colé 2014

Peerreviewed

2.21

60

Conners 2009

Peerreviewed

2.24

Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)

Hong
Kong,
China
Hong
Kong,
China
Hong
Kong,
China
Hong
Kong,
China

Word
Identification
(WRMT)
Word Reading

67

EF Task
cognitive
flexibility
(GSF)
Graphophon
ologicalsema
ntic
cognitive
flexibility
(GSF)
Graphophon
ologicalSemantic
Cognitive
Flexibility
Color-Type
Cognitive
Flexibility
Nonword
Reptition

EF
Domain

EF Task
Stimuli

EF
Response
Modality

z

SE

TS

Alpha

NonVerbal

0.74

0.15

TS

Alpha

NonVerbal

0.40

0.13

TS

NonAlpha

NonVerbal

0.33

0.13

WM

Alpha

Verbal

0.31

0.11

Stroop

IC

NonAlpha

Verbal

0.46

0.11

Word
Reading

Stroop

IC

NonAlpha

Verbal

0.40

0.11

Word Reading

Word
Reading

Working
Memory

WM

Alpha

Verbal

0.46

0.12

Mixed

Word Attack
(WJ)

Nonword
Decoding

WM

Alpha

Verbal

0.26

0.06

English

Mixed

Word
Identification
(WJ)

Word
Reading

WM

Alpha

Verbal

0.32

0.06

France

French

Typical

Nonword
Decoding

Nonword
Decoding

Working
Memory
(WMSL
PAL-II)
Working
Memory
(WMSL
PAL-II)
Shifting
(Word
Flexibility)

TS

Alpha

Verbal

0.32

0.13

0.60

France

French

Typical

Nonword
Decoding

Nonword
Decoding

Shifting
(Picture
flexibility)

TS

NonAlpha

Verbal

0.21

0.13

0.30

0.60

France

French

Typical

Word Reading

Nonword
Decoding

Shifting
(Word
Flexibility)

TS

Alpha

Verbal

0.51

0.13

7.63

0.30

0.60

France

French

Typical

Word Reading

Nonword
Decoding

Shifting
(Picture
flexibility)

TS

NonAlpha

Verbal

0.34

0.13

8.60

0.40

0.52

USA

English

Typical

Nonword
reading

Nonword
Decoding

Attentional
control
(SCT)

IC

NonAlpha

Verbal

0.23

0.13

Word
Reading
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Study

Pub. Type Cite Score
(2017)

Design

Sample Size
(N)

149

Age SD
(Years)

Propr.
Female

67

Mean
Age
(Years)
8.60

Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Compariso
n Groups

Country/
region

Language

Mixed
Ability

Decoding Task

Decoding
Type

0.40

0.52

USA

English

Typical

Word
Recognition

Nonword
Decoding

Attentional
control
(SCT)

IC

NonAlpha

EF
Response
Modality
Verbal

67

8.60

0.40

0.52

USA

English

Typical

Decoding
(Composite)

Nonword
Decoding

Attentional
control
(SCT)

IC

NonAlpha

167

7.74

0.41

0.57

USA

English

Typical

Test of Word
Reading
Efficiency
(TOWRE-2)

Word
Reading

Memory
Span
(Shapes,
Standard
Ratio)
Memory
Span
(Shapes,
Standard
Ratio)
Memory
Span
(Shapes,
Standard
Ratio)
Memory
Span
(Shapes,
Standard
Ratio)
Memory
Span
(Shapes,
Standard
Ratio)
Memory
Span
(Shapes,
Standard
Ratio)
Sentence
Span

WM

Working
Memory/Up
dating
(BRIEF,
Parent
rating)
Shifting
(BRIEF,
Parent
rating)
Inhibition
(BRIEF,
Parent
rating)
Working
Memory
(Verbal)

Conners 2009

Peerreviewed

2.24

Conners 2009

Peerreviewed

2.24

Cowan 2017

Peerreviewed

1.55

Cowan 2017

Peerreviewed

1.55

Compariso
n Groups

167

7.74

0.41

0.57

USA

English

Typical

Nonword
Nonword
Reading(Cowan Decoding
et al., 2017)

Cowan 2017

Peerreviewed

1.55

Compariso
n Groups

167

7.74

0.41

0.57

USA

English

Typical

Cowan 2017

Peerreviewed

1.55

Compariso
n Groups

278

7.78

0.46

0.55

USA

English

Mixed

Nonword
Reading
(Dollaghan &
Campbell,
1998)
Test of Word
Reading
Efficiency
(TOWRE-2)

Cowan 2017

Peerreviewed

1.55

Compariso
n Groups

278

7.78

0.46

0.55

USA

English

Mixed

Nonword
Nonword
Reading(Cowan Decoding
et al., 2017)

Cowan 2017

Peerreviewed

1.55

Compariso
n Groups

278

7.78

0.46

0.55

USA

English

Mixed

Nonword
Decoding

Cutting 2006

Peerreviewed

3.37

97

9.70

2.10

0.33

USA

English

Typical

Daucourt 2018

Peerreviewed

2.21

Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)

Nonword
Reading
(Dollaghan &
Campbell,
1998)
Word Reading
(composite)

420

NA

NA

NA

USA

English

Typical

Letter-Word
Identification
(WJ, Spring)

Word
Reading

Daucourt 2018

Peerreviewed

2.21

420

NA

NA

NA

USA

English

Typical

Letter-Word
Identification
(WJ, Spring)

Word
Reading

Daucourt 2018

Peerreviewed

2.21

420

NA

NA

NA

USA

English

Typical

Letter-Word
Identification
(WJ, Spring)

Word
Reading

Daugaard 2017

Peerreviewed

2.24

62

12.58

0.33

0.50

Denmark

Danish

Typical

Word reading
(composite zscore)

Word
Reading

Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al

Nonword
Decoding

Word
Reading

Word
Reading

EF Task

EF
Domain

EF Task
Stimuli

z

SE

0.31

0.13

Verbal

0.28

0.13

NonAlpha

NonVerbal

0.17

0.08

WM

NonAlpha

NonVerbal

0.05

0.08

WM

NonAlpha

NonVerbal

0.10

0.08

WM

NonAlpha

NonVerbal

0.21

0.06

WM

NonAlpha

NonVerbal

0.09

0.06

WM

NonAlpha

NonVerbal

0.17

0.06

WM

Alpha

Verbal

0.45

0.10

WM

Alpha

NA

0.22

0.05

TS

Alpha

NA

0.21

0.05

IC

Alpha

NA

0.22

0.05

WM

Alpha

Verbal

0.55

0.13
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Pub. Type Cite Score
(2017)

150

Davidson 2018

Peerreviewed

3.71

Davidson 2018

Peerreviewed

3.71

Davidson 2018

Peerreviewed

3.71

Gottardo 1996

Peerreviewed

2.85

Guajardo 2016

Peerreviewed

2.85

Hester 2000

Dissertation

NA

Hester 2000

Dissertation

NA

Hester 2000

Dissertation

NA

IglesiasSarmiento 2015

Peerreviewed

1.04

IglesiasSarmiento 2015

Peerreviewed

1.04

Jackson 2016

Dissertation

NA

Jackson 2016

Dissertation

NA

Jacobson 2017

Peerreviewed

2.94

Jiang 2018

Peerreviewed

2.24

Design
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Longitudin
al

Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Crosssectional

Sample Size
(N)

Mean
Age
(Years)

Age SD
(Years)

Propr.
Female

Country/
region

Language

Mixed
Ability

24

10.97

1.04

0.54

USA

English

Mixed

24

10.97

1.04

0.54

USA

English

Mixed

24

10.97

1.04

0.54

USA

English

Mixed

112

8.75

0.35

0.60

Canada

English

Typical

31

8.08

NA

0.61

USA

English

65

9.25

0.25

0.38

USA

65

9.25

0.25

0.38

65

9.25

0.25

49

10.40

49

Decoding Task

Decoding
Type

EF Task

EF
Domain

EF Task
Stimuli

EF
Response
Modality

z

SE

Nonword
Decoding
(Word Attack
WJ)
Nonword
Decoding
(Word Attack
WJ)
Nonword
Decoding
(Word Attack
WJ)
Letter-Word
Identification
(WJ)

Nonword
Decoding

Working
Memory
(Words)

WM

Alpha

Verbal

0.30

0.22

Nonword
Decoding

Working
Memory
(Objects)

WM

NonAlpha

Verbal

0.20

0.22

Nonword
Decoding

Working
Memory
(Shapes)

WM

NonAlpha

Verbal

0.20

0.22

Word
Reading

Working
Memory
(recall)

WM

Alpha

Verbal

0.56

0.10

Typical

Word Attack
(WJ)

Nonword
Decoding

TS

Alpha

NA

0.01

0.19

English

Typical

Word Attack
(WJ)

Nonword
Decoding

Shifting
(Readingspecific
cognitive
flexibility)
Operation
Span

WM

Alpha

Verbal

0.10

0.13

USA

English

Typical

Word Reading
(Multisyllabic
words)

Word
Reading

Operation
Span

WM

Alpha

Verbal

0.30

0.13

0.38

USA

English

Typical

Nonword
Decoding

Operation
Span

WM

Alpha

Verbal

0.47

0.13

0.32

0.67

Spain

Spanish and Typical
Galician

Nonword
Reading
(Multisyllabic
nonwords)
Nonword
Decoding

Nonword
Decoding

Reading
Span

WM

Alpha

Verbal

0.08

0.15

10.40

0.32

0.67

Spain

Spanish and Typical
Galician

Word Reading

Word
Reading

Reading
Span

WM

Alpha

Verbal

0.08

0.15

231

6.67

0.39

0.50

USA

English

Typical

Word Attack
(WJ-III)

Nonword
Decoding

Alpha

Verbal

0.74

0.07

231

6.67

0.39

0.50

USA

English

Typical

Letter-Word
Identification
(WJ-III)

Nonword
Decoding

Alpha

Verbal

0.78

0.07

761

11.74

2.11

0.47

USA

English

Typical

Word
Reading

Alpha

Verbal

0.24

0.04

125

6.56

0.34

0.57

UK

English

Typical

Test of Word
Reading
Efficiency
(TOWRE total
score)
Word Reading
(factor score)

Working
WM
Memory
(PAL-II
Verbal)
Working
WM
Memory
(PAL-II
Verbal)
Rapid
TS
Alternating
Stimulus
(residualized
score)
Working
WM
Memory
(factor score)

Alpha

Verbal

0.47

0.09

Word
Reading
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Study

Pub. Type Cite Score
(2017)

Design

Sample Size
(N)

151

Jiang 2018

Peerreviewed

2.24

Crosssectional

123

Mean
Age
(Years)
7.53

Age SD
(Years)

Propr.
Female

Country/
region

Language

Mixed
Ability

Decoding Task

Decoding
Type

0.35

0.48

UK

English

Typical

Word Reading
(factor score)

Word
Reading

Jiang 2018

Peerreviewed

2.24

Crosssectional

122

8.58

0.38

0.54

UK

English

Typical

Word Reading
(factor score)

Word
Reading

Kieffer 2013

Peerreviewed

2.69

120

9.92

0.50

0.43

USA

English

Typical

Letter-Word
Identification
(WJ-III)

Word
Reading

Kieffer 2013

Peerreviewed

2.69

120

9.92

0.50

0.43

USA

English

Typical

Letter-Word
Identification
(WJ-III)

Word
Reading

Kieffer 2013

Peerreviewed

2.69

120

9.92

0.50

0.43

USA

English

Typical

Letter-Word
Identification
(WJ-III)

Word
Reading

Lee 2014

Dissertation

NA

Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Compariso
n Groups

50

9.21

0.60

0.54

USA

English

Typical

Leong 2008

Peerreviewed

4.8

518

10.22

1.02

0.42

Canada

Chinese
Typical
(Cantonese)

Leong 2008

Peerreviewed

4.8

518

10.22

1.02

0.42

Canada

Chinese
Typical
(Cantonese)

Liu 2018

Peerreviewed

2.9

170

5.60

0.51

0.50

Hong
Kong,
China

Messer 2016

Peerreviewed

2.9

Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)

Word Reading
(R-CBM,
Words read
correctly)
Nonword
Decoding 1

161

10.34

2.11

0.30

Messer 2016

Peerreviewed

2.9

Correlation
al
(Concurren
t)

161

10.34

2.11

Messer 2016

Peerreviewed

2.9

Correlation
al
(Concurren
t)

161

10.34

Messer 2016

Peerreviewed

2.9

Correlation
al
(Concurren
t)

161

Messer 2016

Peerreviewed

2.9

Correlation
al
(Concurren
t)

161

EF Task

EF
Domain

EF Task
Stimuli

Working
WM
Memory
(factor score)
Working
WM
Memory
(factor score)
Swanson
WM
Cognitive
Processing
Test
Wisconsin TS
Card Sorting
Task
(WCST)
Stroop
IC
(NumberQuantity)

Alpha

EF
Response
Modality
Verbal

Alpha

Word
Reading

N-Back (2Back, %
Correct)

Nonword
Decoding

Nonword
Decoding 2

Chinese
Typical
(Cantonese)

UK

English

Mixed

0.30

UK

English

Mixed

2.11

0.30

UK

English

Mixed

10.34

2.11

0.30

UK

English

Mixed

10.34

2.11

0.30

UK

English

Mixed

z

SE

0.35

0.09

Verbal

0.46

0.09

NonAlpha

Verbal

0.22

0.09

NonAlpha

NonVerbal

0.17

0.09

NonAlpha

Verbal

0.16

0.09

WM

NonAlpha

Verbal

0.16

0.15

Memory
Span

WM

Alpha

NA

0.62

0.04

Nonword
Decoding

Memory
Span

WM

Alpha

NA

0.48

0.04

Word Reading

Word
Reading

Short-term
Memory
(Verbal)

WM

Alpha

Verbal

0.24

0.08

Test of Word
Reading
Efficiency
(TOWRE total
raw score)
Test of Word
Reading
Efficiency
(TOWRE total
raw score)
Test of Word
Reading
Efficiency
(TOWRE total
raw score)
Test of Word
Reading
Efficiency
(TOWRE total
raw score)
Test of Word
Reading
Efficiency
(TOWRE total
raw score)

Word
Reading

Working
Memory
(Verbal
ELWM)

WM

Alpha

Verbal

0.59

0.08

Word
Reading

Working
WM
Memory
(Non-verbal
ELWM)

NonAlpha

NonVerbal

0.51

0.08

Word
Reading

Switching
(Verbal)

Alpha

Verbal

0.06

0.08

Word
Reading

Switching
TS
(Non-verbal)

NonAlpha

NonVerbal

0.16

0.08

Word
Reading

Inhibition
(Verbal)

Alpha

Verbal

0.32

0.08

TS

IC
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Design

Sample Size
(N)

Age SD
(Years)

Propr.
Female

161

Mean
Age
(Years)
10.34

Word
Reading

Inhibition
IC
(Non-verbal)

NonAlpha

EF
Response
Modality
NonVerbal

2.9

Correlation
al
(Concurren
t)

2.11

0.30

UK

Neuenschwander Confernece
2010
Poster

NA

Neuenschwander Confernece
2010
Poster

NA

Neuenschwander Confernece
2010
Poster

NA

Nouwens 2017

Peerreviewed

2.24

Nouwens 2017

Peerreviewed

2.24

Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)

54

NA

0.42

0.54

Switzerland Germany

Typical

Word
Reading

Backwards WM
Color Recall

NonAlpha

54

NA

0.42

0.54

Switzerland Germany

Typical

Word Reading Word
Speed (WLLP) Reading

Switching
TS
Task
(Fish/Color)

54

NA

0.42

0.54

Switzerland Germany

Typical

Word Reading Word
Speed (WLLP) Reading

117

11.10

0.43

0.47

The
Dutch
Netherland
s

Mixed

Decoding

Nonword
Decoding

117

11.10

0.43

0.47

The
Dutch
Netherland
s

Mixed

Decoding

Nonword
Decoding

Oakhill 2003

Peerreviewed

NA

Longitudin
al

102

7.50

NA

0.50

UK

English

Typical

Word
Reading

7.50

NA

0.50

UK

English

Typical

102

7.50

NA

0.50

UK

English

Typical

Word Reading
(Neale,
accuracy)
Word Reading
(Neale,
accuracy)
Word Reading
(Neale, rate)

Oakhill 2003

Peerreviewed

NA

Longitudin
al

102

Oakhill 2003

Peerreviewed

NA

Longitudin
al

Oakhill 2003

Peerreviewed

NA

Longitudin
al

102

7.50

NA

0.50

UK

English

Typical

Word Reading
(Neale, rate)

Word
Reading

Oakhill 2003

Peerreviewed

NA

Longitudin
al

102

8.50

NA

0.50

UK

English

Typical

Word
Reading

Peerreviewed

NA

Longitudin
al

102

8.50

NA

0.50

UK

English

Typical

Oakhill 2003

Peerreviewed

NA

Longitudin
al

102

8.50

NA

0.50

UK

English

Typical

Word Reading
(Neale,
accuracy)
Word Reading
(Neale,
accuracy)
Word Reading
(Neale, rate)

Oakhill 2003

Oakhill 2003

Peerreviewed

NA

Longitudin
al

102

8.50

NA

0.50

UK

English

Typical

Word Reading
(Neale, rate)

Word
Reading

Oakhill 2012

Peerreviewed

3.37

Longitudin
al

102

7.50

NA

0.50

UK

English

Typical

Word
Reading

Oakhill 2012

Peerreviewed

3.37

Longitudin
al

102

7.50

NA

0.50

UK

English

Typical

Oakhill 2012

Peerreviewed

3.37

Longitudin
al

102

8.62

NA

0.50

UK

English

Typical

Word Reading
(Neale,
accuracy)
Word Reading
(Neale,
accuracy)
Word Reading
(Neale,
accuracy)

Messer 2016

Pub. Type Cite Score
(2017)
Peerreviewed

Country/
region

Language
English

Mixed
Ability
Mixed

Decoding Task
Test of Word
Reading
Efficiency
(TOWRE total
raw score)
Word Reading
Speed (WLLP)

Decoding
Type

152

Word
Reading
Word
Reading

Word
Reading
Word
Reading

Word
Reading
Word
Reading

EF Task

EF
Domain

EF Task
Stimuli

z

SE

0.31

0.08

Verbal

0.12

0.14

NonAlpha

NonVerbal

0.37

0.14

Fruit Stroop IC

NonAlpha

NonVerbal

0.30

0.14

Working
Memory
(Phonologica
l)
Working
Memory
(Semantic
working
memory)
Working
Memory
(Verbal)
Working
Memory
(Digits)
Working
Memory
(Verbal)
Working
Memory
(Digits)
Working
Memory
(Verbal)
Working
Memory
(Digits)
Working
Memory
(Verbal)
Working
Memory
(Digits)
Working
Memory
(Verbal)
Working
Memory
(Digits)
Working
Memory
(Verbal)

WM

Alpha

Verbal

0.28

0.09

WM

Alpha

Verbal

0.14

0.09

WM

Alpha

Verbal

0.02

0.10

WM

Alpha

Verbal

0.12

0.10

WM

Alpha

Verbal

0.08

0.10

WM

Alpha

Verbal

-0.01

0.10

WM

Alpha

Verbal

0.33

0.10

WM

Alpha

Verbal

0.13

0.10

WM

Alpha

Verbal

0.04

0.10

WM

Alpha

Verbal

0.19

0.10

WM

Alpha

Verbal

0.02

0.10

WM

Alpha

Verbal

0.12

0.10

WM

Alpha

Verbal

0.33

0.10
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Pub. Type Cite Score
(2017)

153

Oakhill 2012

Peerreviewed

3.37

Longitudin
al

102

Mean
Age
(Years)
8.62

Oakhill 2012

Peerreviewed

3.37

Longitudin
al

102

10.64

NA

0.50

UK

English

Typical

Oakhill 2012

Peerreviewed

3.37

Longitudin
al

102

10.64

NA

0.50

UK

English

Typical

Oakhill 2012

Peerreviewed

3.37

Longitudin
al

102

7.50

NA

0.50

UK

English

Typical

Oakhill 2012

Peerreviewed

3.37

Longitudin
al

102

7.50

NA

0.50

UK

English

Oakhill 2012

Peerreviewed

3.37

Longitudin
al

102

8.62

NA

0.50

UK

Oakhill 2012

Peerreviewed

3.37

Longitudin
al

102

8.62

NA

0.50

Oakhill 2012

Peerreviewed

3.37

Longitudin
al

102

10.64

NA

Oakhill 2012

Peerreviewed

3.37

Longitudin
al

102

10.64

Papadopoulos
2016
Papadopoulos
2016
Papadopoulos
2016

Peerreviewed
Peerreviewed
Peerreviewed

2.21

Longitudin
al
Longitudin
al
Longitudin
al

286

Papadopoulos
2016

Peerreviewed

2.21

Pham 2014

Peerreviewed

1.95

Pham 2014

Peerreviewed

1.95

Protopapas 2007 Peerreviewed

3.64

Protopapas 2007 Peerreviewed

3.64

Protopapas 2007 Peerreviewed

3.64

Protopapas 2007 Peerreviewed

3.64

2.21
2.21

Design

Sample Size
(N)

Age SD
(Years)

Propr.
Female

Country/
region

Language

Mixed
Ability

NA

0.50

UK

English

Typical

Decoding Task

Decoding
Type

WM

Alpha

WM

Alpha

WM

Word
Reading
Word
Reading
Nonword
Decoding

Working
Memory
(Digits)
Working
Memory
(Verbal)
Working
Memory
(Digits)
Working
Memory
(Verbal)
Working
Memory
(Digits)
Working
Memory
(Verbal)
Working
Memory
(Digits)
Working
Memory
(Verbal)
Working
Memory
(Digits)
Expressive
Attention
Selective
Attention
Expressive
Attention

EF
Response
Modality
Verbal

Nonword
Decoding
Word
Reading

Word Reading
(Neale,
accuracy)
Word Reading
(Neale,
accuracy)
Word Reading
(Neale,
accuracy)
Word Reading
(Neale, rate)

Word
Reading

Typical

Word Reading
(Neale, rate)

Word
Reading

English

Typical

Word Reading
(Neale, rate)

Word
Reading

UK

English

Typical

Word Reading
(Neale, rate)

Word
Reading

0.50

UK

English

Typical

Word Reading
(Neale, rate)

Word
Reading

NA

0.50

UK

English

Typical

Word Reading
(Neale, rate)

Word
Reading

6.50

0.30

0.50

Cyprus

Typical

286

6.50

0.30

0.50

Cyprus

286

6.50

0.30

0.50

Cyprus

Greek
(Cyprus)
Greek
(Cyprus)
Greek
(Cyprus)

Longitudin
al

286

6.50

0.30

0.50

Cyprus

Greek
(Cyprus)

Typical

Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al

157

10.90

1.20

0.45

USA

English

Typical

Word Reading
(fluency)
Word Reading
(fluency)
Phonemic
Decoding
Fluency
Phonemic
Decoding
Fluency
Letter-Word
Identification
(WJ-III)

157

10.90

1.20

0.45

USA

English

Typical

Letter-Word
Identification
(WJ-III)

Word
Reading

72

12.44

0.34

0.51

Greece

Greek

Mixed

Nonword
Decoding
(Time)

Nonword
Decoding

72

12.44

0.34

0.51

Greece

Greek

Mixed

Word Reading
(time)

Word
Reading

72

12.44

0.34

0.51

Greece

Greek

Mixed

Nonword
Decoding
(Errors)

Nonword
Decoding

72

12.44

0.34

0.51

Greece

Greek

Mixed

Word Reading
(errors)

Word
Reading

Typical
Typical

Word
Reading
Word
Reading
Word
Reading

EF Task

EF
Domain

EF Task
Stimuli

z

SE

0.13

0.10

Verbal

0.07

0.10

Alpha

Verbal

0.06

0.10

WM

Alpha

Verbal

-0.01

0.10

WM

Alpha

Verbal

0.08

0.10

WM

Alpha

Verbal

0.19

0.10

WM

Alpha

Verbal

0.06

0.10

WM

Alpha

Verbal

0.02

0.10

WM

Alpha

Verbal

0.09

0.10

IC

Alpha

Verbal

0.18

0.06

IC

Alpha

NonVerbal

0.18

0.06

IC

Alpha

Verbal

0.19

0.06

Selective
Attention

IC

Alpha

NonVerbal

0.14

0.06

Working
Memory
(Verbal,
WRAML-2)
Working
Memory
(Symbolic,
WRAML-2)
Stroop
Inference
(Time
Difference)
Stroop
Inference
(Time
Difference)
Stroop
Inference
(Time
Difference)
Stroop
Inference

WM

Alpha

Verbal

0.34

0.08

WM

NonAlpha

Verbal

0.12

0.08

IC

Alpha

Verbal

0.52

0.12

IC

NA

Verbal

0.41

0.12

IC

NA

Verbal

0.33

0.12

IC

NA

Verbal

0.44

0.12
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Pub. Type Cite Score
(2017)

Design
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)

Sample Size
(N)

Mean
Age
(Years)

Age SD
(Years)

Propr.
Female

Country/
region

Language

Mixed
Ability

Decoding Task

Decoding
Type

55

14.94

0.39

0.65

USA

English

Typical

Word
Identification
(WJ)

60

11.80

1.50

0.50

USA

English

Mixed

Word Attack
Nonword
(standardized
Decoding
scores, WRMTR)
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Ruggiero 1999

Dissertation

NA

Word
Reading

Sesma 2009

Peerreviewed

2.35

Sesma 2009

Peerreviewed

2.35

Correlation
al
(Concurren
t)

60

11.80

1.50

0.50

USA

English

Mixed

Word Reading Word
(WIAT II UK, Reading
standard score)

Squires 2014

Dissertation

NA

Crosssectional

32

7.99

0.29

0.37

USA

English

Typical

Word Attack
(WJ)

Nonword
Decoding

Squires 2014

Dissertation

NA

Crosssectional

22

11.19

0.38

0.37

USA

English

Typical

Word Attack
(WJ)

Nonword
Decoding

Squires 2014

Dissertation

NA

Crosssectional

32

11.19

0.38

0.37

USA

English

Typical

Word
Identification

Word
Reading

vanderSluis 2007 Peerreviewed

2.8

172

10.67

0.72

0.51

Netherland Dutch
s

Typical

Word Reading

vanderSluis 2007 Peerreviewed

2.8

172

10.67

0.72

0.51

Netherland Dutch
s

Typical

vanderSluis 2007 Peerreviewed

2.8

Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)
Correlation
al
(Concurren
t)

172

10.67

0.72

0.51

Netherland Dutch
s

Typical

EF Task

EF
Domain

(Time
Difference)
Sentence
WM
Span (Total
Words)

EF Task
Stimuli

EF
Response
Modality

z

SE

Alpha

Verbal

0.51

0.14

Alpha

Verbal

0.39

0.13

Alpha

Verbal

0.44

0.13

Alpha

Verbal

0.35

0.19

Alpha

Verbal

-0.29

0.23

Alpha

Verbal

-0.32

0.19

Word
Reading

Freedom
IC
from
Distractibilit
y Index
(WISC III,
standardized
score)
Freedom
IC
from
Distractibilit
y Index
(WISC III,
standardized
score)
Working
WM
Memory (WJ
Auditory
Working
Memory
Task)
Working
WM
Memory (WJ
Auditory
Working
Memory
Task)
Working
WM
Memory (WJ
Auditory
Working
Memory
Task)
Updating
WM
(Letters)

Alpha

Verbal

0.21

0.08

Word Reading

Word
Reading

Keep-track
task

WM

Alpha

Verbal

0.21

0.08

Word Reading

Word
Reading

Shifting
(Objects)

TS

Alpha

Verbal

0.44

0.08
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APPENDIX G: LIST OF TESTS AND SUB-TESTS CODED BY CONSTRUCT
Assessment authors and references are provided along with the names of the
assessments. Some of the assessments listed below are reported as measures in the studies
that are to be included during the data extraction process; other assessments were retrieved
from a list based on prior research and presented in Butterfuss and Kendeou (2018). (Note:
The full citations for these assessments are not listed in the references section but can be
made available upon request.)
Primary Reading Construct Measures
Decoding (Nonword)
1. Comprehensive Test of Phonological Processing (CTOPP; Wagner, Torgesen, &
Rashotte, 1999): Nonword Reading Efficiency (NWRE);
2. Multisyllabic nonwords (Hester et al., 2000): Ten nonwords containing complex
phonological sequences were adapted from Kamhi et al. (1988);
3. Non-word decoding (Høien-Tengesdal et al., 2011): used as a proxy measure of
phonological decoding ability;
4. Non‐word repetition (Cowan et al., 2017);
5. Non‐word repetition (Dollaghan & Campbell, 1998);
6. Nonword reading / reading accuracy (Inoue et al., 2017): Reading accuracy Hiragana
reading accuracy test consisted of 30 Hiragana nonwords taken from a test that was
developed for the diagnosis of developmental dyslexia in Japanese (Research Group
for Formulation of Diagnostic Criteria and Medical Guideline for Specific
Developmental Disorders, 2010);
7. Repetition of pseudowords (Cunha & Capellini, 2009);
8. Researcher-developed Nonword reading (Conners et al., 2009);
9. Researcher-developed Pseudo-word Decoding (Cole et al., 2014);
10. Single nonword repetition task (Nithart et al., 2011): In order to assess phonological
STM and check for a possible effect of long-term phonological knowledge on STM,
two lists of 30 nonwords;
11. Test of Word Reading Efficiency (TOWRE-2): Pseudo-word Reading;
12. Test of Word Reading Efficiency (TOWRE; Torgesen,Wagner, & Rashotte, 1999):
Phonemic Decoding;
13. Woodcock Johnson Tests of Achievement Third Edition (Woodcock, McGrew, &
Mather, 2001): Word Attack subtest;
14. Woodcock Reading Mastery Test-III (WRMT-III; Woodcock, 2011): Word Attack
subtest;
15. Woodcock Reading Mastery Test–Revised (Woodcock, 1987); Word Attack subtest
16. Woodcock Reading Mastery Test–Revised (WRMT-R; Woodcock, 1987): Word
Attack subtest;
17. Woodcock Reading Mastery Tests-Revised (WRMT-R; Woodcock 1987): Word
Attack subtest;
18. Woodcock-Johnson Tests of Achievement–Revised (WJ-R; Woodcock, 1990):
Word Attack subtest;
19. word decoding proficiency;
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20. Word Reading: Reading pseudowords in isolation and reading texts, used by
Carvalho et al.(2009) and Kida et al. (2010)
Decoding (Word Reading)
1. Burt Word Reading Test (BWRT; Gilmore, Croft, Reid, 1981);
2. Decoding skills (Seigneuric et al., 2000): assessed by a French standardized test:
‘Epreuve de lecture Jeannot et Georges’ (Hermabessière & Sax 1972);
3. Multisyllabic words (Hester et al., 2000): Ten words containing complex
phonological sequences were adapted from Kamhi et al. (1988);
4. Neale Analysis of Reading Ability: Revised (Neale, 1989): Word Reading;
5. PIAT-R Reading Recognition (Markwardt, 1989): Word Recognition subtest;
6. Researcher-developed Word Reading (Cole et al., 2014);
7. Test of Word Reading Efficiency (TOWRE-2): Word Reading task;
8. Test of Word Reading Efficiency (TOWRE; Torgesen,Wagner, & Rashotte, 1999):
Sight Words;
9. Three-Minutes-Reading-Test (Verhoeven, 1995): This test consists of three cards
with 150 high-content words;
10. Wechsler Individual Achievement Test – Second Edition (WIAT-II): Word Reading
subtest;
11. Wechsler Individual Achievement Test–Second Edition, UK (Wechsler, 2005):
Word Reading subtest;
12. Wide Range Achievement Test-Revised (Wilkinson, 1993): Real-word reading
subtest;
13. Woodcock Johnson Tests of Achievement Third Edition (Woodcock, McGrew, &
Mather, 2001): Word Identification subtest;
14. Woodcock Reading Mastery Test-III (WRMT-III; Woodcock, 2011)Word
Identification subtest;
15. Woodcock Reading Mastery Test-Revised (WRMT-R; Woodcock, 1987): Word
Identification subtest;
16. Woodcock Reading Mastery Tests-Revised (WRMT-R; Woodcock 1987): Word
Identification subtest;
17. Woodcock-Johnson Tests of Achievement—Revised (WJ-R): Word Identification
subtest;
18. Woodcock–Johnson Tests of Achievement (WJ-III; Woodcock, McGrew & Mather,
2001): Word Identification subtest;
19. Word Identification (Høien-Tengesdal et al., 2011): The word identification test
included 40 words which varied systematically with respect to critical word
dimensions such as length (3 to 10 letters), frequency (high or low), and
orthographic complexity;
20. Word Reading (Nithart et al., 2011): evaluated using the standardized French
reading test ‘L’Alouette’ (Lefavrais, 1967);
21. Word reading / Reading fluency (Inoue et al., 2017): Hiragana reading fluency test
consisted of 104 Hiragana words taken from grade 1 textbooks; 87 simple words and
17 compound words. Each word consisted of four Hiragana characters;
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22. Word Reading Fluency (WRF; Papadopoulos et al., 2016): consists of 80 words
forming a 2 × 2 × 2 factorial design in terms of frequency (high/low), orthographic
regularity (regular/irregular), length (bisyllabic/trisyllabic);
23. Word Reading: Reading words in isolation and reading texts, used by Carvalho et
al.(2009) and Kida et al. (2010);
24. Word Recognition (Nithart et al., 2011): assessed by means of a word-to-picture
matching task, in which children had to state whether or not a written word matched
with a picture (Khomsi, 1990);
Composite (Nonword Reading and Word Reading)
1. Reading Errors and Rate (Protopapas et al., 2007): assessed using pseudowords (a
list of 20 items), single words (a list of 84 items of varying length, phonological
complexity, and written frequency), and passages (three passages 72–90 words long,
varying in genre and complexity), in each case measuring the number of reading
errors and the total reading time;
2. Woodcock–Johnson Tests of Achievement (WJ-III; Woodcock, McGrew & Mather,
2001): Word Attack and Word Identification subtest composite score;
Primary Executive Functions Measures
Updating/Working Memory
1. 2-Back (% Correct);
2. Analogy test (Orjales & García-Madruga, 2010): based on the Analogy Reasoning Span
task developed by Gutiérrez-Martínez, García-Madruga, Carriedo, Vila, and Luzón
(2005);
3. Arabic Working Memory Test (Abu-Rabia et al., 2002);
4. Backwards digit recall (verbal) and odd one out (visuospatial) - Composite
5. Behavior Rating Inventory of Executive Functions (BRIEF; Goia, Isquith, Guy, &
Kenworkthy, 2000): Updating/Working Memory;
6. Behavior Rating Inventory of Executive Functions (BRIEF; Goia, Isquith, Guy, &
Kenworkthy, 2000): Working Memory (Parent rating);
7. Cognitive Assessment System (CAS; Naglieri & Das, 1997) Sentence Question memory
span;
8. Comprehensive Test of Phonological Processing (Wagner, Torgesen, & Rashotte, 1999):
Nonword Repetition;
9. English Working Memory Test (Siegel & Ryan, 1989);
10. Executive Load Working Memory (ELWM; Henry, 2001): Non-verbal;
11. Executive Load Working Memory (ELWM; Henry, 2001): Verbal ELWM;
12. Keep-track task (van der Sluis et al., 2007);
13. Leiter International Performance Scale-Revised (Roid & Miller, 1997): Leiter Reverse
subtest;
14. Listening Span;
15. Mr. X (Nevo et al., 2013);
16. N-Back (Smith & Jonides, 1997);
17. Nonword Repetition;
18. Odd-one-out (Oakhill, 2003);
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19. Order Short-term memory;
20. Paced Auditory Serial Addition Test (PASAT, Gronwall, 1977): consists of 60 digits that
are presented aurally, and should be successively added;
21. Pictorial Working Memory Test (PWMT; Reffel et al., 1996);
22. Process Assessment of the Learner-Second Edition: Diagnostics for Reading and Writing
(PAL-II RW; Berninger, 2007): Verbal Working Memory;
23. Reading Span;
24. Span: (Forward) Digit span forward;
25. Span: Backward digit span/recall;
26. Span: Digit Span;
27. Span: Digit Span Standard Ratio;
28. Span: Digit Span Total Score;
29. Span: Location Span Standard Ratio;
30. Span: Operation Span;
31. Span: Phonological complex span;
32. Span: Reading Span;
33. Span: Sentence span;
34. Span: Sentence Span: Total Words;
35. Span: Shape Span Standard Ratio;
36. Span: Visual-spatial complex span;
37. Swanson-Cognitive Processing Test (S-CPT) (Swanson, 1996): Mapping and Directions;
38. Verbal Working Memory' Test (VWMT; Reffel et al., 1996);
39. Visuo-Spatial test (Garcia-Madruga 2014);
40. Visuo-Spatial Working Memory Test (VSWMT; Reffel et al., 1996);
41. Wechsler Individual Achievement Test–Second Edition, UK (Wechsler, 2005);
42. Wechsler Intelligence Scale for Children-IV (WISC-IV): Working memory index:
composite of digit span and letter-number sequencing subtests;
43. Wide Range Assessment of Memory and Learning (WRAML-2): Finger Windows
Forward Forward Subtest (Visuo-spatial WM);
44. Wide Range Assessment of Memory and Learning-2 (Adams & Sheslow, 2003):
Symbolic Working Memory task;
45. Wide Range Assessment of Memory and Learning-2 (Adams & Sheslow, 2003): Verbal
Working Memory task;
46. WISC Backward Digit Span;
47. WISC Digit Span (Auditory-Verbal WM);
48. WISC-IV Digit Span Backward;
49. WMSL PAL-II;
50. Woodcock-Johnson Tests of Cognitive Abilities-III (Woodcock, McGrew, & Mather,
2001): Auditory Working Memory subtest;
51. Woodcock–Johnson Tests-III (WJ-III; Woodcock, McGrew & Mather, 2001): Numbers
Reversed subtest;
Task-switching
1. Behavior Rating Inventory of Executive Functions (BRIEF; Goia, Isquith, Guy, &
Kenworkthy, 2000): Shifting;
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2. Cambridge Neuropsychological Test Automated Battery Motor Screening Test
(CANTAB; Cambridge Cognition, 2006; Gau & Shang, 2010)Intra/Extra Dimensional
Shift, measure of non-verbal switching;
3. Color-shape cognitive flexibility (Cartwright, 2010);
4. Color-Shape Cognitive Flexibility (Cartwright, 2010);
5. Delis-Kaplan Executive Function System (D-KEFS; Delis, Kaplan, & Kramer, 2001):
Color Word Inhibition/Switching;
6. Delis-Kaplan Executive Function System (D-KEFS; Delis, Kaplan, & Kramer, 2001):
Trail-Making Test;
7. Dimensional Change Card Sort Task (DCCS; Zelazo, 2006);
8. General pictoral cognitive flexibility (Guajardo et al., 2016);
9. Graphophonological-semantic cognitive flexibility (Cartwright, 2010);;
10. Object Shifting (van der Sluis et al., 2004);
11. Picture flexibility (Colé et al., 2014);
12. Place Shifting: adapted from the Numbers–Letters task as used by Rogers and Monsell
(1995);
13. Rapid Alternating Stimulus (Wolf & Denckla, 2005): residualized score
14. RAS–Letters & Numerals
15. Reading-specific cognitive flexibility (Guajardo et al., 2016);
16. Symbol Shifting (van der Sluis et al., 2007);
17. Wisconsin Card Sorting Test (Kongs, Thompson, Iverson, & Heaton, 2000): Verbal
Switching;
18. Word flexibility (Colé et al., 2014);
Inhibitory Control
1. Animal Stroop task (Bryce et al., 2015);
2. Attentional control (composite score) (ten Braak et al., 2018);
3. Attentional control: Flanker Fish (Davidson, Amso, Anderson, & Diamond, 2006;
Diamond, 2013; Shing, Lindenberger, Diamond, Li, & Davidson, 2010);
4. Attentional control: Hearts & Flowers (Davidson, Amso, Anderson, & Diamond, 2006;
Diamond, 2013; Shing, Lindenberger, Diamond, Li, & Davidson, 2010);
5. Auditory Continuous Performance Test for Preschoolers (the ACPT-P; Mahone, Pillion,
& Hiemenz, 2001): Modified Go/No-Go with Images (D-prime);
6. Auditory Continuous Performance Test for Preschoolers (the ACPT-P; Mahone, Pillion,
& Hiemenz, 2001):Modified Go/No-Go with Auditory Sounds (D-prime);
7. Behavior Rating Inventory of Executive Functions (BRIEF; Goia, Isquith, Guy, &
Kenworkthy, 2000): Inhibition;
8. Behavioral control (composite score) (ten Braak et al., 2018);
9. Cognitive Assessment System (CAS; Naglieri & Das, 1997): Expressive Attention as a
measure of verbal inhibition;
10. Cognitive Assessment System (CAS; Naglieri & Das, 1997): Number Detection as a
measure of non-verbal inhibition;
11. Color-Word Interference Test (Delis, Kaplan, & Kramer, 2001);
12. D- Delis-Kaplan Executive Function System (D-KEFS; Delis, Kaplan, & Kramer, 2001):
Inhibition;

159

RELATION BETWEEN EF AND DECODING META-ANALYSIS
13. Delis-Kaplan Executive Function System (D-KEFS; Delis, Kaplan, & Kramer, 2001):
Color Word Inhibition/Switching;
14. Delis-Kaplan Executive Function System (D-KEFS; Delis, Kaplan, & Kramer, 2001):
Color/Word Inhibition;
15. Expressive Attention (see McLeod, 1991; Nigg, 2001, for reviews);
16. Inhibition task (van der Sluis et al., 2004);
17. Number-Quantity Stroop (van der Sluis et al., 2007; Wang, Tasi, & Yang, 2012);
18. Object Inhibition (van der Sluis et al., 2004);
19. Prolexia Test (Ober & Ober-Łopatka 1998; Ober, Dylak, Łopatka, Czarnecki, Balcer,
Nowak, & Herczyński, 2006): Color-Word Stroop;
20. Quantity Inhibition (Bull & Scerif, 2001);
21. Selective Attention (Naglieri & Das, 1997; see Papadopoulos et al., 2008);
22. Size-Number Inhibition (van der Sluis et al., 2004);
23. Star Counting Test (SCT; (Das-Smaal, de Jong, & Koopmans, 1993; de Jong & DasSmaal, 1990, 1995): Attentional control;
24. Stop Signal Paradigm (Schachar & Logan, 1990): Response inhibition (SSRT = Stop
Signal reaction time);
25. Stroop;
26. Stroop (based on Beveridge, Jarrold, & Pettit, 2002);
27. Stroop (Chung et al., 2011);
28. Stroop (Words);
29. Stroop Inference: Time Difference;
30. Stroop Interference;
31. Verbal Inhibition, Motor Inhibition’ (VIMI; Messer, 2016): Non-verbal Inhibition;
32. Verbal Inhibition, Motor Inhibition’ (VIMI; Messer, 2016): Verbal Inhibition;
33. Verbal Proactive Interference (VPI; Pimperton & Nation, 2010);
34. Wechsler Intelligence Scale for Children-III (Wechsler, 1974): Freedom from
Distractibility Index;
Other Cognitive Measures
Rapid Automatized Naming (RAN)
1. Comprehensive Test of Phonological Processing (Wagner, Torgesen, & Rashotte, 1999)
Digits and Letters subtest;
2. Rapid Automatized Naming (Denckla & Rudel, 1974, 1976);
Sustained Attention
1. Antisaccade Task (Hallett, 1978; Note: measures inhibition/attentional control)
2. SART-S = Semantic Sustained Attention to Response Task (SART; McVay and Kane
2009, 2012);
3. Reading / Listening / Digit Span Task - intrusion errors (Chiappe et al., 2000; Note:
measures inhibition / attentional control);
Short-term Memory
1. Digit / Word Recall (Nation et al., 1999);
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Non-verbal Reasoning
2. Raven’s Standard Progressive Matrices (Raven, 1976);
3. Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999);
4. Block Design;
5. Matrix Reasoning;
Other Reading Construct Measures
Phonological Awareness
1. McGuffey Reading Center's Assessment of Literacy Acquisition (Invernizzi &
Bloodgood, 1991);
2. Neuropsychological Assessment Battery of Coimbra (BANC; Simoes et al., 2008)
3. Canadian Readiness Test (CRT; 1975),
Beginning Sounds;
4. Comprehensive Test of Phonological Processing (Wagner, Torgesen, Rashotte, &
Pearson, 2009), Elision subset;
5. Blending;
6. Dynamic Indicators of Basic Early Literacy Skills (5th ed.; Good, Kaminski, Smith,
Laimon, & Dill, 2001);
7. Letter Name Fluency;
8. Letter Sound Fluency;
9. Phoneme Segmentation Fluency;
10. GFW Sound Symbol Test (Goldman, Fristoe, & Woodcock, 1974);
11. Hong Kong Test of Specific Learning Diﬃculties in Reading and Writing (Ho et al.,
2000);
12. Phonological Awareness Test (Robertson & Salter, 1997);
13. Rhyming Individual Growth and Development Indicator (Early Childhood
Research Institute on Measuring Growth and Development, 1998);
14. Stanford Diagnostic Reading Tests (Karlsen, Madden, & Gardner,1976);
15. Spelling Performance Evaluation for Language and Literacy (Masterson, Apel &
Wasowicz, 2006);
16. Test of Auditory Analysis skills (Rosner & Simon, 1971);
17. Woodcock Johnson Test of Cognitive Abilities- Revised (Woodcock & Johnson, 1989)
18. Incomplete Words;
Listening Comprehension
1. Clinical Evaluation of Language Fundamentals, Third Edition (Semel ,Wiig & Secord,
1995);
2. Clinical Evaluation of Language Fundamentals Preschool – Second Edition (Wigg,
Secord & Semel, 2004), Sentence Structure and Word Structure subtests;
3. Durrell Analysis of Reading Difficulty (Durrell, 1970);
4. Direction Following Task (in Balioussis, 2010, pg. 78; Agostino et al., 2010);
5. IOWA Test of Basic Skills (Hieronymous, Lindquist & Hoover, 1980);
6. Interactive Reading Assessment Systems (Calfee & Calfee, 1981)
7. Metropolitan Readiness Test (Nurse & McGauvran, 1976);
8. Spache Diagnostic Reading Scales (Spache, 1981), Language Comprehension subtest;
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9. Test of Language Development—Intermediate, third edition (Hamill &
Newcomer, 1997), Sentence Imitation and Grammatic Completion subtests;
10. The Test for Reception of Grammar (Bishop, 2003);
11. Wechsler Individual Achievement Test, 2 (The Psychological Corporation, 2002);
12. Wechsler Intelligence Scale for Children-IV-Integrated (Wechsler, 1974);
13. Wechsler Intelligence Scale- Revised (Wechsler, 1974);
14. Wechsler Objective Language Dimensions Test (Wechsler, 1996);
15. Washington Assessment of Student Learning (Riverside Publishing Company, 1997),
Listening Comprehension subtest;
Vocabulary
1. Comprehensive Receptive and Expressive Vocabulary Test-Second Edition (Wallace &
Hammill, 2002);
2. Expressive Vocabulary Test - second edition (Williams, 1997);
3. Hundred Picture Naming Test (HPNT; Fisher &Glenister, 1992);
4. Peabody Picture Vocabulary Test-IV (Dunn & Dunn, 2007);
5. Stanford-Binet Intelligence Scale-IV Edition (Thorndike, Hagen, & Sattler, 1986);
6. Stanford Diagnostic Reading Tests (Karlsen, Madden, & Gardner, 1976);
7. Wechsler Individual Achievement Test, 2 (The Psychological Corporation, 2002),
Expressive Vocabulary and Receptive Vocabulary subtests
Text Comprehension
1. McGuffey Reading Center's Assessment of Literacy Acquisition (Invernizzi &
Bloodgood, 1991), Finger-point Reading subtest;
2. Criterion Referenced Test-Reading (State Department of Education, 2007).
3. Canadian Readiness Test (Canadian Readiness Test; 1975).
4. Connecticut Mastery Test (Connecticut Mastery Test, 1995, 2000), Degrees of Reading
Power subtest;
5. Gates–MacGinitie (MacGinitie, MacGinitie, Maria, & Dreyer, 2000);
6. Gates Basic Reading Test (Gates, 1958);
7. Group Reading and Diagnostic Evaluation test (GRADE; Williams, 2001);
8. IOWA Test of Basic Skills (Hieronymous, Lindquist & Hoover, 1980; The
University of Iowa College of Education, 2007);
9. Interactive Reading Assessment System (Calfee & Calfee, 1981);
10. Metropolitan Readiness Test (Nurse & McGauvran, 1976);
11. Nealy Analysis of Reading Ability (Neale, 1997);
12. Reading Performance Test (Aunola et al., 2002);
13. Spache Diagnostic Reading Scales (Spache, 1981);
14. Washington Assessment of Student Learning – Reading (Riverside Publishing
Company, 1997);
15. Wechsler Individual Achievement Test, 2 (The Psychological Corporation, 2002);
16. Woodcock Johnson Tests of Achievement (3rd Edition; Woodcock, McGrew, &
Mather, 2001);
17. Woodcock Reading Mastery Test (Woodcock, 1987);
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